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Abstract 
 
In this thesis chromium (Cr) incorporation during GaN growth by metal organic vapor 
phase epitaxy (MOVPE) was studied for the first time with the intention of producing a dilute 
magnetic semiconductor (DMS) with room temperature ferromagnetism. To this end the 
following growth parameters were investigated and optimized: carrier gas, precursor access and 
ratios, and growth temperature as well as post growth annealing. Also the effect of different 
H2/N2 carrier gas ratios on the undoped GaN buffer layer was explored. The N2 content in the 
carrier gas affected the growth mechanism of the GaN layer. The threading dislocation density 
as well as the sheet resistance increases with N2 content in the carrier gas. Cr-doped GaN 
(GaN:Cr) layers were grown on the optimised undoped GaN buffer layer. Uniform Cr 
distribution, good surface morphology and room temperature ferromagnetism were to be 
obtained. The inverted precursor access to the substrate promoted high Cr incorporation 
efficiency. A certain amount of H2 in the carrier gas was necessary to obtain coalesced surface 
morphology of GaN:Cr layers. The GaN:Cr layer grown at 950 °C exhibited smooth surface 
morphology and enhanced Cr incorporation into the layer as well as ferromagnetic behaviour at 
room temperature. The Curie temperature (TC) was determined to be about 620 K. A high Cr/Ga 
source ratio increases the Cr concentration in the GaN:Cr layers and also increases the thermo-
remanent magnetization. The use of post growth annealing at 700 °C is advantageous for the 
magnetic properties.  
 
 v
Abstract 
 
Diese Arbeit beschäftigt sich mit dem Einbau von Cr beim Wachstum von GaN mit 
dem Ziel, einen verdünnten magnetischen Halbleiter herzustellen, der ferromagnetisch bei 
Raumtemperatur ist. Zum ersten Mal wird das Wachstum in der metallorganischen 
Gasphasenepitaxie durchgeführt und der Einfluss von Wachstumstemperatur, Gasatmosphäre, 
Einlass der Quellenverbindungen sowie deren Partialdruckverhältnis auf Einbau und 
Schichteigenschaften untersucht. Auch wird die Frage nach der Nützlichkeit einer undotierten 
GaN-Pufferschicht und eines Temperschrittes nach der Epitaxie gestellt.  
Zunächst wurde der Einfluss der Gasatmosphäre auf das Wachstum einer undotierten 
GaN-Schicht untersucht. Der Wachstumsmechanismus wurde durch die Reaktionsatmosphäre  
verändert und führt zu einer Erhöhung der Versetzungsdichte und des Schichtwiderstandes. Das 
Ergebnis der Arbeit mit Hinblick auf Cr-Dotierung in GaN ist, dass die Schichten bei niedriger 
Wachstumstemperatur in einer Gasatmosphäre, die Wasserstoff enthält, auf einer undotierten 
Pufferschicht mit invertiertem Quellenverbindungseinlass am besten hergestellt werden, um 
Koaleszenz in der Schicht zu erhalten. Die bei 950 °C hergestellte Schicht zeigte eine glatte 
Morphologie und gesteigerten Cr-Einbau sowie Ferromagnetismus bei Raumtemperatur. Eine 
Curie-Temperatur von 620 K wurde ermittelt. Ein noch höheres Cr/Ga-Verhältnis führt zu 
gesteigerten Cr-Einbau und einer noch höheren Magnetisierung. Die Verwendung eines Temper-
Schrittes bei 700 °C unmittelbar nach der Epitaxie ist von Vorteil für die magnetischen 
Eigenschaften. 
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Chapter 1 
I. INTRODUCTION 
 
The field of semiconductor spin electronics (spintronics) seeks to exploit the spin of 
charge carriers. If the injection, transfer, and detection of the carrier spin can be controlled 
above room temperature, it is widely expected that new generations of electronic and photonic 
devices can be developed. Many reviews have been published recently on the topic of spin 
injection, coherence length and magnetic properties of material systems. Also there have been a 
number of reports on the general area of spin injection from metals into semiconductors and on 
applications related to spintronic phenomena [1-6]. The realization of functional spintronic 
devices requires ferromagnetic materials compatible with existing semiconductor materials. The 
use of dilute magnetic semiconductors (DMSs) with a ferromagnetic ordering above room 
temperature for such material systems is an interesting approach to spintronic devices, since 
they inherently offer the possibility of integration into existing semiconductor technology. A 
fraction of the component ions is replaced by those of transition metals or rare earths in DMSs. 
Most importantly, the state of magnetization changes the electronic properties and vice versa 
through the spin exchange interaction between local magnetic moments and delocalized carriers. 
Some research papers have reported on the incorporation of special transition metals 
into conventional III-V semiconductors [7-10]. However there are still problems such as the low 
solubility limit and below room temperature Curie temperatures (TC). In contrast wide bandgap 
III-Nitride based DMSs are promising candidates according to some theoretical predictions for 
nitrides crystallized in the zincblende structure [11, 12]. Especially Cr-doped GaN (GaN:Cr) 
was found to have the most stable ferromagnetic state in transition metal-doped GaN by 
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theoretical predictions [13, 14]. Whether these predictions also hold for the thermodynamically 
more stable wurtzite structure has not yet been theoretically investigated. Two basic approaches 
to the understanding of magnetic properties for DMSs have emerged. The first class of 
approaches is based on mean-field theory and supposes that the transition metals are distributed 
statistically on the lattice. The second class of approaches presumes that the magnetic atoms 
form small (a few atoms) clusters that produce the observed ferromagnetism [15]. 
Many experimental results have already demonstrated room temperature 
ferromagnetism in a variety of wurtzite III-Nitride based DMSs so far, including GaMnN [16-
19], AlMnN [20], GaCrN [21-23], AlCrN [24, 25], and GaGdN [26]. Up to now, however, the 
growth of GaN:Cr layers with good surface morphology and good crystalline quality was not 
yet successful. Also the magnetic properties were not correlated to the structural properties 
experimentally. The reported results were observed for GaN:Cr layers grown by molecular beam 
epitaxy. For the growth of high quality III-Nitride layers, however, metal organic vapor phase 
epitaxy (MOVPE) is the preferential technique. Therefore, the growth method may solve the 
problems associated with poor surface morphology and crystalline properties.  
 The aim of this thesis is to develop an MOVPE growth process for GaN:Cr layers that 
allows the reliable deposition of III-Nitride based DMSs on sapphire substrates. A horizontal 
MOVPE reactor was used. The growth process was monitored in real time by in-situ optical 
methods, in order to observe the growth development. For spintronic applications, GaN:Cr 
layers should be ferromagnetic at room temperature with a smooth surface morphology, so they 
can be incorporated into heterostructures and high uniformity in composition and thickness on 
small as well as large scales for devices on the nanometer and micrometer scale. The influence 
of different growth parameters was investigated on the structural, morphological, electrical and 
magnetic properties of the layers. Beside the usual parameters, e.g. the growth temperature, also 
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the influences of precursor access and especially of carrier gas were investigated. It is not to be 
excluded, that the carrier gas could have an effect on the oxidation state of the transition metal 
and therefore on the magnetic properties of the GaN:Cr layers. In this thesis emphasis was first 
put to obtaining information on the growth mechanism for undoped GaN buffer layers with 
different H2/N2 carrier gas ratios, in order to understand the influence of the carrier gas on 
GaN:Cr layer growth. The aim was furthermore to obtain GaN:Cr layers with an improved 
surface morphology and to contribute to an understanding of the results between ferromagnetic 
behavior and structural properties.  
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Chapter 2 
II. THEORETICAL BACKGROUND 
 
2.1 Basic Properties of III-Nitride Semiconductors 
III-Nitride semiconductors are excellent material for optical and electrical devices, 
because off their chemical and thermal stability. In this section the crystal structure of III-
Nitrides will be briefly described. 
 
2.1.1 Crystal Structure of GaN 
There are three common crystal structures shared by GaN: the wurtzite-type (WZ), the 
zincblende-type (ZB), and the rocksalt-type structures. Under ambient conditions, the 
thermodynamically stable structure of GaN is WZ. The WZ structure has a hexagonal unit cell 
and thus two lattice constants, a and c. It contains 2 formula units of GaN. The space group of 
the WZ structure is P63mc ( 46vC ). The WZ structure consists of two interpenetrating hexagonal 
closed packed (HCP) sublattices, each with one type of atoms, offset along the c axis by 5/8 of 
the cell hight (5c/8). Most theoretical predictions for GaN-based spintronics have been 
performed for ZB GaN even though WZ GaN is thermodynamically the more stable structure. 
Therefore, the WZ and ZB structures are compared in the following. 
The ZB and WZ structures are similar. Both can be described by a closed packed 
arrangement of group III atoms whereas half of the tetrahedral voids are occupied by N. In both 
cases, each group III atom is coordinated by four nitrogen atoms. Conversely, each nitrogen 
atom is coordinated by four group III atoms. The main difference between these two structures 
lies in the stacking sequence of closest packed planes of the group III atoms.  
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The WZ and ZB structures differ only in the orientation of the second-nearest neighbor 
layers (Fig. 2.1). As clearly shown, the stacking order of the WZ along the [0001] direction is 
ABAB, meaning a mirror image but no in-plane rotation with the bond angles. In the ZB 
structure along the [111] direction there is a 60° rotation which causes a stacking order of 
ABCABC. The point with regard to rotation is very well illustrated in Fig. 2.1 (b).  
 
 
(a)                            (b) 
Figure 2.1. The comparison of (a) WZ and (b) ZB structure. 
  
 The hexagonal crystal structure of III-Nitride can be described by the edge length a0 of 
the basal hexagon, the height c0 of the hexagonal prism and an internal parameter u defined as 
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the anion-cation bond length along the (0001) axis. 
 
2.2 Principles of MOVPE for III-Nitride Semiconductors Growth 
 Since metal organic vapor phase epitaxy (MOVPE) is the method employed for the 
growth of III-Nitride structures, basic principles of MOVPE for III-Nitrides growth will be 
reviewed in this section.  
 
2.2.1 Overview of MOVPE Growth Process 
The driving force for deposition is the striving of the whole system towards 
equilibrium [1]. It is, therefore, useful to understand the equilibrium conditions. The Gibbs free 
energy function G (also called free enthalpy) provides the true measure of chemical affinity 
under conditions of constant temperature and pressure. A system will be in equilibrium when G 
is at a minimum [2]. When the free energy change is zero, there is no net work obtainable. The 
system is in a state of equilibrium. If the free energy change is positive for a reaction, net work 
must be put into the system to effect the reaction. Otherwise the reaction cannot take place. If 
the free energy change is negative, the reaction can proceed spontaneously with accomplishme-
nt of net work. Therefore ΔGgrowth is called the driving force of the reaction. The free energy 
change of a chemical reaction can be described as 
ΔGgrowth = Gproducts – Greactants                         (2.1) 
MOVPE is a non-equilibrium growth technique which is based on the vapor transport 
of the precursor molecules, i.e. for III-V based compounds, group III alkyls (denoted R3M where 
R is an organic radical, typically CH3 or C2H5 and M is a metal from group III such as Al, Ga, or 
In) and binary hydrogen compounds of group V (denoted EH3 where E is an nonmetal from 
Group V such as N, P, or As) and their subsequent reactions on a heated substrate resulting in 
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epitaxial growth of a thin solid film. In a simplistic manner, which neglects the complexity of 
the MOVPE process, a general reaction can be written as follows.  
R3M(g) + EH3 (g) → ME(s) + 3RH(g)                        (2.2) 
The metal organic group III sources are either liquids, such as trimethylgallium (TMGa) and 
trimethylaluminium (TMAl), or solids such as trimethylindium (TMIn) and they are stored in 
bubblers. The bubbler is maintained at a constant temperature in order to control exactly the 
vapor pressure of the source material. The carrier gas will saturate with vapor from the source 
and transport it together with the gaseous group V precursors to the heated substrate. In addition, 
the carrier gas will carry away the byproducts of the reaction. Most of the MOVPE systems are 
known as cold wall reactors because the substrate and the susceptor are significantly hotter than 
any other zone of the reactor. The MOVPE process is very complex and consists of a number of 
reactions involving both homogeneous and heterogeneous reactions of the group III and group 
V source molecules as well as growth related surface processes such as adsorption/desorption of 
the chemical species and surface migration. The carrier gas (H2 and/or N2) will transport the 
precursor molecules from the reactor inlet to the heated zone of the reactor where they will 
undergo gas phase reactions, typically decomposition reactions (in the III-Nitrides growth case 
even adduct formation reactions). The resulting species diffuse through the boundary layer to 
the growing surface and adsorb onto the surface, at a vacant site. At this point, the species can 
either desorb or react with other surface species (or simply decompose), then diffuse along the 
surface before the final incorporation reactions take place and the resulting product is 
incorporated into the film forming a new bond. The gaseous byproducts that form desorb from 
the sample surface and diffuse in the carrier gas away from the deposition zone towards the 
reactor exhaust. Schematically, the steps of a MOVPE growth process are shown in Fig. 2.2. 
The MOVPE growth process consists of many parallel and series reaction steps 
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occurring simultaneously. For series reactions, the slowest step controls the overall reaction rate. 
For parallel reactions, the overall reaction rate is the sum of the individual reaction rates, hence 
the slowest reaction controls the overall reaction rate. For such a complex system, the most 
important elementary steps determining the overall reaction rate is controlled by an interplay 
between the three components: thermodynamics, kinetics, and hydrodynamics (also including 
mass transport). Thermodynamics determines the driving force for the overall growth process 
by indicating in which direction the reaction will proceed and predicting the solid stoichiometry. 
Kinetics defines the rates at which the possible homogeneous and heterogeneous reactions occur. 
Hydrodynamics controls not just the mass transport of the species to the growing solid/vapor 
interface but also the temperature distribution, the velocity profile and total pressure in the 
reactor. 
 
 
Figure 2.2. Reaction steps in a MOVPE process. 
 
As MOVPE is an exothermic process, the growth rate can be expected to be a 
complicated function of the temperature according to the Arrhenius equation:  
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⎟⎠
⎞⎜⎝
⎛ −=
RT
EAk aexp                               (2.3) 
where k is the rate constant, A is the pre-exponential factor, Ea is the activation energy, R is the 
gas constant and T is the absolute temperature. Qualitatively, three growth temperature regimes 
can be established from a plot imaging the growth rate versus reciprocal temperature (Fig. 2.3): 
 
 
Figure 2.3. Qualitative temperature dependence of the growth rate for MOPVE process. 
 
• kinetically limited regime: at low growth temperatures, the chemical kinetics (surface 
reactions) is slower than mass transport and will limit the overall growth rate, which 
will increase exponentially with the temperature. 
• mass transport limited regime: at intermediate growth temperatures, the chemical 
kinetics becomes faster, and the mass transport (gas diffusion to and away from the 
surface) is the rate limiting step. Since the mass transport has only weak temperature 
dependence, the growth rate is nearly constant. 
• thermodynamically limited regime: at high growth temperatures, the 
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thermodynamics will try to restore the equilibrium (through increased desorption 
rate, gas phase reactions and depletion of the reactants on reactor walls), limiting the 
growth rate which will decrease as the temperature increases. 
Beside temperature, for each growth regime there are also other factors which may 
influence the overall growth rate. In the kinetically limited case, where the surface plays an 
important role, the substrate issue, including the initial orientation or surface treatments must be 
considered. When the mass transport limits the overall growth rate, parameters such as total 
flow which enters the reactor, flow velocity and reactor pressure must be taken into account. For 
the thermodynamically limited regime where the overall growth rate decreases as the 
temperature increases due to possible depletion routes (adducts formation, wall deposits), 
parameters such as reactor geometry, including gas inlet design and residence time may 
influence the growth considerably. 
 
Influence of Carrier Gas 
The carrier gas plays a decisive role in MOVPE. It transports the group III metal 
organic and the group V source compounds into the heated zone of the reactor where 
decomposition processes take place to form the desired highly pure materials. The gas phase (i.e. 
the reaction medium) in which the chemicals partly decompose mostly consists of carrier gas 
(around 70 ~ 95 %). This has several consequences for growth: 
• The hydrodynamical properties of the carrier gas such as density, viscosity, heat 
conductance, and specific heat capacity determine the flow velocity and temperature 
distribution profiles in the reactor chamber. Therefore the transport and the residence 
time of the growth species in the gas phase are significantly influenced. 
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• Through their respective masses carrier gas molecules initiate reactions of the growth 
species in the gas phase when acting as collision partners. Besides the number of 
collisions the impulse transmission is of importance for activation. 
• The carrier gas itself might be product of one of the many reaction paths, thus reaction 
rates are determined by the carrier gas partial pressure.  
• An influence of the carrier gas on surface reaction, absorption and desorption is also 
conceivable 
Since we employed H2 and N2 (as well as arbitrary mixtures of both gases) as the 
carrier gas in our reactor system, some fundamental properties of these are reviewed here. These 
characteristics have a significant influence not only on hydrodynamics but also on the gas phase 
reactions taking place in the reactor. The ratio for several properties between the two applied 
carrier gases H2 and N2 is given as 
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These differences have several consequences in growth. For instance, the greater mass of N2 
relative to H2 transmits higher kinetic energies to its collision partner, which in turn leads to a 
higher decomposition of the precursors. Lower thermal conductivity of N2 in comparison to H2 
helps to achieve a uniform temperature distribution on the substrate surface. The diffusion 
constant of reactive species in nitrogen is lower than that for H2 which can account for lower 
growth rates. Especially for N2 flows at high temperature, the existence of complex flow 
structures were observed by Gil et al. [3], namely the presence of a region of colder gas (so 
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called cold finger) penetrating from the inlet into the deposition zone. This cold finger arises 
from radiative heating of the top wall and the subsequent heat transfer to the incoming gas. 
Hence, if the flow rate is low and the thermal conductivity is high, heat is conducted sufficiently 
fast relative to convection, so that there are no large temperature gradients from the susceptor to 
the reactor top wall. However, if the gas velocity is fast and/or a gas with lower thermal 
conductivity (e.g. N2) is used a thermal boundary layer develops along the top wall. 
Furthermore, N2 is a non-explosive gas, leading to a safer overall MOVPE process. 
 
2.2.2 Substrates for III-Nitrides Growth 
While for GaAs and InP the existence of large area substrates makes homoepitaxial 
growth possible, for GaN this option is not available. The high dissociation pressures and 
melting temperatures are the main obstacles in obtaining large III-Nitride single crystals, which 
can serve as substrates for homoepitaxial growth. Therefore, single crystalline GaN films have 
been grown heteroepitaxially on several substrates, which match more or less closely to its 
lattice constants. Also different thermal expansion coefficients between substrate and nitrides 
cause residual stress upon cooling, which leads to additional structural defects. There is no ideal 
or particularly suitable substrate available in that matter. However, providing the thickness t of 
the epitaxially grown film is sufficiently small a pseudomorphic layer can be grown. For such a 
pseudomorphic layer the misfit is accommodated by either compressive or tensile stress. The 
strain is tensile if the lattice constant of the epilayer is smaller than that of the substrate and 
compressive vice versa. For pseudomorphic layers the in-plane lattice constant adjusts to that of 
the substrate. Nevertheless distortion energy is caused by the stress in the grown layer. 
Increasing the layer thickness, therefore, generats even more strain, results in more distortion 
energy. When the thickness exceeds a certain value, known as critical thickness tc, plastic 
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deformation is energetically favorable. Accordingly, the misfit strain begins to relax by the 
introduction of misfit dislocations [4]. A summary of crystal structure and lattice constants of 
some of the candidate substrates for nitride epitaxy is given in Table 2.1. 
 
Table 2.1. Lattice parameters of different substrate at 300 K. 
Substrate Symmetry 
Lattice constants
(Å) 
Mismatch of 
GaN/substrate 
(%) 
Mismatch of 
AlN/substrate 
(%) 
a = 3.1875  -2.4 GaN 
(0001) 
Wurtzite 
c = 5.1846   
a = 3.112 2.4  AlN 
(0001) 
Wurtzite 
c = 4.982   
a = 4.758 16 13.2 α-Al2O3 
(0001) 
Rhombohedral 
c = 12.991   
a = 3.080 3.5 1 6H-SiC 
(0001) 
Wurtzite 
c = 15.12   
Si (111) Cubic a = 5.43 -16.9 -18.9 
 
 In this thesis, sapphire is the only substrate used for the grow of GaN and GaN:Cr. In 
general, sapphire remains the most frequently used substrate for III-Nitride epitaxial growth 
owing to the availability of 2 inch crystals of good quality, its transparent nature, its stability at 
high temperatures, and a fairly mature technology for III-Nitride growth on it. The orientation 
order of GaN films grown on principal sapphire planes – c-plane (0001), a-plane 0)2(11 , and 
r-plane 02)1(1 – was studied and reviewed in [5].  
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 The calculated lattice mismatch between the c-plane GaN and the c-plane sapphire is 
larger than 30 %. However, the actual mismatch is smaller (≈ 16 %) because the smaller cell of 
Al atoms on the c-plane sapphire is oriented 30° away from the larger sapphire unit cell (Fig. 
2.4). This smaller lattice mismatch can be calculated by adopting the model explained in Fig. 
2.4, i.e., 
16.0
3 =−
sapphire
sapphirewGaN
a
aa
                      (2.8) 
It is on this plane that the best films have been grown with relatively small in and out of plane 
misorientations. In general, GaN layers on this plane show either none or nearly none of the 
cubic GaN phase. 
 
 
Figure 2.4. Schematic illustration of the relation in crystallographic orientation between the 
(0001) GaN layer (●) and the (0001) sapphire substrate (○) [6]. 
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2.2.3 III-Nitrides Growth by MOVPE 
For the MOVPE process to grow GaN layers according to Eq. 2.2 of the basic reaction 
the most often employed precursors (CH3)3Ga and NH3 are used. The following reactions can be 
written: 
(CH3)3Ga(g) +NH3(g) → GaN(s) + 3CH4(g)                  (2.9) 
In contrast to the typical III-V compound semiconductors (phosphides, arsenides and 
antimonides), for which the epitaxial growth process is well understood, the MOVPE growth of 
III-Nitrides is challenging. This fact is not only due to the distinct physical and chemical 
properties of the III-Nitrides compared to the other III-V semiconductors, but also due to the 
constraint of heteroepitaxy imposed by the lack of suitable lattice matched substrates. Typically, 
mismatched substrates such as sapphire or SiC are employed. In order to achieve good nitride 
epilayers, a two step growth procedure was proposed by Amano et al. [7] (Fig. 2.5). 
In the first step, a thin AlN or GaN [8] nucleation layer is deposited on the substrate at 
low temperatures (400 ~ 600 °C for sapphire and up to 800 °C for SiC), followed by annealing. 
Then the main epilayer is grown in the second step at a higher temperature (usually > 1000 °C). 
The nucleation layer must act as a template between the substrate and the main epilayer. First, 
the sapphire is covered with AlN or GaN nuclei, randomly distributed which furthermore will 
develop during the annealing step and finally will coalesce in the first part of the high 
temperature step, allowing the growth of a smooth nitride epilayer with optimized structural and 
electrical properties. 
The higher volatility of nitrogen at the employed growth temperatures will require high 
N vapor pressures over the nitrides in order to suppress their decomposition (e.g. GaN) and to 
stabilize the stoichiometry of the growing layer. The loss of nitrogen can be alleviated either by 
increasing the nitrogen concentration in the incoming flow or by decreasing the temperature. 
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Both possibilities are not feasible in MOVPE environment. First, NH3 is usually used as 
nitrogen precursor and due to its high thermal stability, no atomic nitrogen can be obtained. 
Second, the growth temperature must be kept high enough to ensure a sufficient mobility of the 
arriving chemical species on the surface in order to obtain high crystal quality layers. Also, the 
high temperatures are required to efficiently break the strong N-H bonds in NH3. The 
compromise solution is to use an excess of NH3 which will both provide enough nitrogen 
containing species contributing to growth and stabilize the nitride surface also at temperatures 
(usually larger than the decomposition temperature) sufficiently high for obtaining high 
crystalline quality layers. 
 
 
Figure 2.5. Growth model for GaN layer on sapphire substrate [3]. 
 
2.2.4 Precursors for GaN:Cr Growth by MOVPE 
Generally, precursor selection is an important aspect to be considered when an 
MOVPE process is designed. The quality of semiconductor layers grown by MOVPE, i.e. 
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electrical, structural, and optical properties is directly related to the nature and purity of the 
employed precursor compounds. Suitable MOVPE precursors should be 
(i) volatile (possibly higher than 13 Pa at ~ 373 K) 
(ii) a good thermal stability during their evaporation and transport in the gas phase 
with a carrier gas (H2 or N2) 
(iii) decompose cleanly on pyrolysis without contamination of the growing film 
(e.g. by carbon) 
(iv) highly pure (easy to purify) 
(v) non-toxic and non-pyrophoric (as should their decomposition by-products) 
(vi) liquid rather than solid or gaseous 
(vii) stable in their container over a long period since their rate of consumption is 
rather low 
(viii) readily available in consistent quality and at low cost. 
In this thesis, trimethylgallium (TMGa or (CH3)3Ga), ammonia (NH3), and bis(cyclop-
entadienyl)chromium (Cp2Cr or (C5H5)2Cr) are used as the Ga, N, and Cr precursors, 
respectively. The properties of TMGa and NH3 are well explained in [9]. 
 
Chromium Precursor 
 A promising class of metalorganic precursors for transition metals is the metallocenes. 
Metallocenes are complexes of a metal (M) and one or more cyclopentadienyl (Cp = C5H5) 
ligands. For almost all transition metals, metallocenes have been reported. They are solids 
which are easy to synthesize and purify, relatively stable, generally less toxic than, e. g. 
carbonyl compounds, and have sufficiently high vapor pressures at convenient temperatures. 
The M-Cp bond is through the d-electrons of the metal and π-electrons of the Cp groups. This 
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bond is generally less stable than the bonds in the Cp ring itself. Therefore, the decomposition 
of metallocenes is expected to involve primarily the breaking of the M-Cp bond liberating the 
metal and producing volatile organic residues. The use of Cp2Fe for GaN:Fe growth by MOVPE 
with the aim of DMSs has been reported [10-13]. Since the properties of Cp2Fe and Cp2Cr are 
quite similar and they are both liquid phases, we can use Cp2Cr as a Cr precursor easily. 
 The decomposition of Cp2Cr can be generally described by the equation: 
(C5H5)2Cr (g) + H2 (g) → Cr (s) + 2C5H6 (g)                (2.10) 
 In this thesis, the temperature of Cp2Cr is kept at 17 °C to avoid the condensation in 
the gas line during the transport into the reactor. The partial pressure for Cp2Cr is constant at 
1000 mbar. The carrier gas flow can vary from 0 to 450 sccm. Therefore, the molar flow rate of 
Cp2Cr can be controlled up to 1.021 × 10-7 mol/min. 
 
2.3 Theory of Dilute Magnetic Semiconductors (DMSs) 
The current state of the theories regarding DMS materials can be broken into two main 
groups. The first group is based on a mean field theory approach. The DMS lattice is assumed to 
be made up of a random alloy where the dopant atom substitutes regularly one of the lattice 
constituents. Further variations on the mean field theory have also been investigated, taking into 
account the effects of positional disorder. The second group of theories attributes the magnetic 
behavior to the magnetic atoms forming small clusters in the lattice. It is still not clear as to 
which of these groups most accurately depicts the origins of the ferromagnetism, but as more 
experimental data become available we can hope for a clearer understanding of the mechanisms 
affecting the ferromagnetism. 
Perhaps the most well known of the mean field theory models is that presented by 
Dietl et al. [14-19]. They premised their theory on Zener’s model, which proposed that 
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ferromagnetism was driven by the interaction between charge carriers and localized spins. 
While Zener’s model was found to be inappropriate for transition metals, Dietl et al. found that 
it could be used to explain ferromagnetism and Curie temperatures (TC) in the DMSs such as 
GaMnAs, InMnAs, and ZnMnTe. In the case of III-Mn-As, the Mn atoms introduce both spins 
and holes to mediate the spin coupling leading to the ferromagnetism. The correlation between 
the charge carriers and the spin moments introduced by the magnetic atom provides a way to 
tailor the ferromagnetism associated with these materials. These calculations were then 
extended to consider many of the other available semiconductor systems, including the III-
Nitrides. For these calculations, a Mn concentration of 2.5 atomic percent, and a hole 
concentration of 3.5 × 1020 cm-3 were used. These results are plotted versus bandgap in Fig. 2.6. 
Of particular interest are the predicted TCs for GaN and ZnO which are both above room 
temperature (Fig. 2. 7). These predictions for GaN have led to many serious experimental 
efforts. 
 
 
Figure 2.6. Predicted Curie temperatures as a function of bandgap with ZB structures, along 
with some experimental results [20]. 
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Figure 2.7. Predicted Curie temperatures as a function of the band gap. Computed values of the 
Curie temperature (TC) for various p-type semiconductors containing 5 % Mn and 
3.5 × 1020 holes per cm3 [21]. 
 
Another theoretical effort to understand these materials has been undertaken by Bhatt 
et al. [22-24]. They also use a mean field treatment, however they consider the influence of 
positional disorder on the system. One difference between their approach and that of Dietl’s is 
the use of the bound magnetic polaron (BMP). Here the carrier concentration of the material is 
much lower than that of the magnetic ion density. Figure 2.8 summarizes the two main 
theoretical approaches to understand the ferromagnetism. The BMPs form around randomly 
positioned magnetic atoms with the charge carriers forming a localized tight binding band. The 
BMP model leads to predictions of ferromagnetism in materials which have much lower carrier 
concentrations than in Dietl’s carrier-mediated model. The ability to have ferromagnetism in 
semiconductors near the metal-insulator transition has implications for III-Nitride based DMSs, 
as it is extremely difficult to dope p-type GaN to the 1020 cm-3 hole concentration required by 
the carrier mediated model. Both of these models agree that as the concentration of Mn atoms 
increases, there will be a decrease in the ferromagnetism due to an increase in the 
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antiferromagnetic interactions that occur in Mn which in bulk form is an antiferromagnetic 
material. Cr in bulk form is also an anti-ferromagnetic material. Therefore, those models can be 
applied to Cr-doped GaN layers. Bhatt et al. [22-24] are not the only groups to use this approach. 
Similar results have been found for calculations using BMPs by Litvinov et al., Bhattacharjee et 
al., and Das Sarma et al. [25-28]. 
 
 
Figure 2.8. Schematic of theoretical approaches for ferromagnetism mechanisms in DMSs. The 
top figure represents the mean field approach and the bottom the bound magnetic 
polaron approach [20]. 
 
The second group of theories on the cause of the ferromagnetism observed in DMS 
materials attributes the magnetism to the presence of a strong short-range-attraction which leads 
to formation of small clusters of Mn atoms. These models predict that Mn clusters as small as 3 
~ 5 atoms have magnetic moments as large as 4 ~ 5 μB per atom and exhibit ferromagnetism 
[29-32]. Even in these clusters, there is a competition between the antiferromagnetic and 
ferromagnetic state, with the clusters showing evidence of both states in the same cluster. Also, 
as the cluster sizes are increased to include larger numbers (13 ~ 23 atoms) of Mn, it was found 
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that the models predict that the magnetic moment will decrease with increasing numbers of Mn 
atoms. These clusters were predicted to increase in size with decreasing growth temperatures. 
There have been other theoretical predictions made using other theoretical models to 
explore good candidates for DMS materials. One of these approaches uses a pseudopotential 
density functional calculation to analyze the expected electronic structure of several DMS 
materials, including GaMnAs and GaMnN. These calculations suggest that both GaMnAs and 
GaMnN should have band structures amenable to spin transport, a major criteria for a practical 
DMS. For GaMnN, the electronic structure calculations predict that a 1.5 eV wide impurity 
band is formed due to the hybridization of the Mn 3d and N 2p orbitals. The effects of the 
impurity band is to cause GaMnN to be half-metallic, this feature suggests GaMnN as an ideal 
candidate for spin injection [33, 34]. 
The effect of codoping on the ferromagnetic properties has also been considered. The 
electronic structures of GaMnAs and GaMnN were calculated using a tight-binding-linear-
muffin-tin-orbital method. This model considered the case of GaMnN codoped with either Zn or 
O, and what effect these elements would have on the band structure and the magnetic properties. 
Zn (substituting for Ga) was not predicted to have an impact on the TC or magnetization of 
GaMnN. Codoping with O, however, was predicted to significantly enhance both the magnetic 
moment and the TC of GaMnN [35]. 
While most of the theoretical works have focused on Mn as the transition metal dopant, 
some theoretical predictions were made considering other potential dopants. One study used ab-
initio calculations. The local spin density approximation was used to examine the ferromagnetic 
stability of GaN based DMSs, which have been doped using a variety of transition metals such 
as V, Cr, Mn, Fe, Co, and Ni. These results suggest that the ferromagnetic state will be stable 
over the spin glass state for V and Cr at all concentrations, and for Mn up to a concentration of 
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15 %. It also predicts that in Fe, Co, and Ni the spin glass state dominates and is the stable state 
for all concentrations. Results of this work suggest that ferromagnetic ground states should be 
readily achievable without additional carrier doping in GaN based DMSs using Mn, V, or Cr. 
Figure 2.9 shows the predicted stabilities of these different 3d transitional metal atoms [36]. 
 
 
Figure 2.9. Predicted stability of the ferromagnetic states of different transition metals in ZB 
GaN as a function of transition metal concentration. The vertical axis represents the 
energy difference between the ferromagnetic and spin glass states for each metal 
atom [36]. 
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Chapter 3 
III. EXPERIMENTAL AND CHARACTERIZATION 
METHODS 
 
 In this chapter, first the setup of the employed MOVPE system is described. The 
uniqueness of our MOVPE reactor consists in two different gas inlet geometries. Then the setup 
of the in-situ growth monitoring tool is described. This in-situ tool gives a lot of information 
about the morphology development. Finally, also the ex-situ characterization methods used for 
the investigation of the layers with respect to the surface morphology and structural properties 
as well as magnetic properties are introduced. 
 
3.1 Setup of the MOVPE system 
The MOVPE system used for the epitaxial growth of thin GaN films in this work was 
designed for the deposition at low pressures. The main constituents of the equipment are 
• Reactants and gas handling system 
• The reactor 
• The vacuum and exhaust system 
• The control unit 
A more detailed description of these components and their application can be found in several 
publications [1, 2]. In this work, all GaN growth runs were carried out in an AIX 200/4 RF-S 
horizontal MOVPE reactor built by AIXTRON. The schematic drawing of the AIX 200/4 RF-S 
system is shown in Fig. 3.1. 
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3.1.1 Gas Handling Systems and Sources 
The reactant handling system mixes and meters the gases to be used in the reactor unit. 
According to the requirements the carrier gas for the gaseous sources can be switched between 
nitrogen (N2) and hydrogen (H2). For the growth of GaN, the trimethylgallium (TMGa) as 
gallium source and ammonia (NH3) as nitrogen source were used. Furthermore trimethylalumin-
um (TMAl) as aluminium source and bis(cyclopentadienyl)chromium (Cp2Cr) as chromium 
source as well as n-type (SiH4) dopants are available. By use of mass flow and pressure 
controllers the total gas flow is accurately metered and controlled. The group III and the group 
V sources are fed to the gas inlet in the reactor head via two separate lines (Run MO and Run 
Hydrides), in order to eliminate any premature reactions between them resulting in adduct 
formations. Parallel to the two main lines that lead into the reactor, the Vent line is available 
that directs the gas flow alongside the reactor. As a result the flows are pressure-wise controlled 
in order to obtain equal pressure conditions and hence preventing pressure variation in the event 
of switching operation [3]. 
 
 
Figure 3.1. A schematic drawing of AIX 200/4 RF-S system. 
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Figure 3.2. The AIX 200/4 RF-S horizontal MOVPE reactor equipped with in-situ 
reflectometry and pyrometry (Laytec’s EpiR-TT). 
 
 
Figure 3.3. Schematic representation of the AIX 200/4 RF-S horizontal MOVPE reactor 
employed for the III-Nitrides growth. Note, that the inlet of group III and V is the 
conventional state on this sketch. 
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3.1.2 The Reactor 
The core of the MOVPE system consists of a cylindrical steel mantled, horizontal cold 
wall reactor. This steel setup was chosen in order to provide us with three optical windows. The 
whole construction is required to tolerate typical growth conditions for the deposition of high 
quality GaN with temperatures of 1100 °C and above, and at low pressures of 200 mbar and 
below. The stainless steel reactor has three optical ports (as shown in Fig. 3.2), through which 
in-situ reflectometry measurements are accomplished as well as ellipsometry could be carried 
out. These ports are constantly rinsed with the carrier gas in order to avoid deposition with 
particles from inside the reactor which in turn would hinder in-situ measurement efforts. The 
reactor contains a quartz liner (which is the actual reaction chamber) with a rectangular cross 
section (13.1 cm × 4.5 cm). The void between liner and steel mantle is constantly flushed. Thus, 
the process gas can not leave the liner. Within the liner a so called separation plate is installed 
so as to reduce adduct formation between the group III and group V source, as shown in Fig. 3.3. 
The carrier gas, loaded with TMGa and NH3, is transported onto the heated susceptor, where 
growth takes place. Usually, the NH3 enriched flow enters the reactor beneath the separation 
plate, while the MO flow enters from above the separation plate. The inlet configuration may as 
well be permutated. Using a radio frequency coil, which is situated underneath the liner, the 
graphite (or molybdenum) susceptor is heated by means of electromagnetic induction of eddy 
currents. The maximum power of the RF-generator is 30 kW at a frequency of 55 kHz. Gas foil 
rotation enables the susceptor to rotate at values around 60 RPM, hence resulting in 
homogeneous growth on the substrate. During growth, temperature is indirectly monitored and 
controlled underneath the susceptor using a Luxtron lightpipe temperature sensor. Through the 
upper optical port a vertical access to the substrate is given through a small hole in the liner 
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ceiling and thus direct determination of the sample surface temperature is possible in connection 
with an emissivity corrected pyrometer and reflectometer (Laytec's EpiR-TT). 
 
Gas Inlet Geometry 
 Usually, in horizontal MOVPE reactors, the group III and group V sources are injected 
through two separate channels. The upper of which contains the group III sources and the lower 
of which contains the group V sources. This is done in order to prevent pre-reactions and to 
increase the group V source concentration near the substrate surface. We, however, proposed to 
invert the source supply (Fig. 3.4) with the intention of reducing parasitic deposition and 
increasing reactor uptime and process efficiency [4]. 
 
 
Figure 3.4. Two different gas inlet geometries. (a) conventional inlet and (b) inverted inlet. 
 
 Of all the possible chemicals in an MOVPE reactor the metal organic source is mainly 
responsible for parasitic deposition. To get an idea of the constituents of the deposits a 
quantitative analysis of several samples from the liner ceiling and the quartz bowl was assessed. 
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As a result, all samples were Ga-rich “GaN layers” with traces of oxygen and carbon coming 
from the MO sources. The deposition process is kinetically limited due to the relatively low 
temperatures on the ceiling. If reactor wall temperatures rise higher than 400 °C, group III and 
group V sources deposit by a mechanism similar to the growth of the nucleation layer on the 
substrate. In order to avoid parasitic deposition, we, therefore, recommend to inject the group III 
sources close to the heated substrate and far away from the unintentionally heated reactor parts. 
More simulation and experimental data are shown in [5]. 
 
3.1.3 Exhaust of Byproducts 
The gaseous byproducts that form desorb from the sample surface and diffuse in the 
carrier gas away from the deposition zone towards the reactor exhaust. Very often CVD 
chemicals and the process byproducts require special precautions since they are toxic and/or 
environmentally hazardous. To this end toxic gas monitors and exhaust treating systems are 
used. The exhaust treating system will either deal with the gases by wet or dry chemical reaction. 
In the exhaust system (so called scrubber) used in this work, the neutralization of NH3 and the 
hydrolysis of the metal-organic sources is achieved with 30% H2SO4 in water. 
 
3.2 in-situ Monitoring 
Unlike Molecular Beam Epitaxy (MBE) no electron-based techniques can be utilized 
for in-situ monitoring and growth control in gas phase environments like MOVPE. Due to the 
gas present, the free mean path of the electrons is reduced strongly. Therefore optical techniques 
are the methods of choice [6-8]. These methods include spectroscopic ellipsometry and 
normalized reflectometry. In this work normalized reflectometry has been used for in-situ 
monitoring. In general these optical measurement techniques are not surface sensitive probes, 
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since the photons penetrate considerably into the layers beneath the surface (the penetration 
depth of visible light is in the micron range). In connection with a pyrometer, reflectometry 
allows the calculation of the emissivity corrected temperature of the sample surface, which is of 
particular interest, since it offers the possibility to accurately determine and control the 
temperature during all growth steps. In the following section the measurement principle and the 
setup used for in-situ normalized reflectometry and emissivity corrected pyrometry will be 
described. 
 
3.2.1 in-situ Normalization Reflectometry 
The plain reflectance signal offers a convenient method of determining growth rates and 
ternary compositions as well an easy tool to monitor growth steps [6]. Figure 3.4 is a 
schematical description of the arrangement. The reflectometer consists of a Xenon lamp which 
is used as a light source with a spectral range of 1.5 eV to 6.0 eV. Next to the light source 
several filters are installed. Every couple of seconds the source is shaded and a dark signal is 
measured to determine the background signal. Additionally a band edge filter can be introduced 
in front of the Xenon lamp in order to suppress light above 2 eV. Hence, diffraction maxima of 
higher order caused by low wavelengths are disabled. Then the light travels via a spherical 
mirror to a beam splitter, where it is focused almost perpendicular to the sample surface onto the 
susceptor. From here it is reflected onto a toggle mirror that compensates the tipping of the 
susceptor. Finally the reflected intensity is detected. A more accurate description of this 
arrangement can be found in [9]. 
Due to the lack of GaN substrates the growth of GaN can only take place on substrates 
of a different material such as sapphire. Thus it is assumed that a three-phase-model (air/layer/ 
substrate), describing the optical properties of the layer substrate configuration, can be 
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employed to depict the reflections occurring in the layers during growth. As long as the 
penetration depth of the light is larger than the thickness of the layer and the layer can be treated 
as a homogeneous film, the optical properties of all three phases contribute to the reflectance. 
 
 
Figure 3.5. Schematic of the in-situ reflectometer as used for measurement on rotating samples 
to detect the reflection [6]. 
 
The three-phase model can be reduced to a two-phase model (only substrate and 
ambient) by defining an effective dielectric function describing the integral effect of the layer 
and the substrate therefore simplifying the reflection occurring during the growth process on 
multi layer structures. Using the Fresnel equations the reflectance can be calculated [10]. In the 
case of perpendicular incidence the reflectivity, R, equals to 
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where Ir and Er is the reflected light intensity and reflected field component, respectively. Ii and 
Ei are the incident intensity and the incident field, respectively. Here n is the refractive index of 
the ambient medium. 
Due to the fact that the actually measured signal is the detector voltage U, some way of 
calibrating this voltage to the sample’s reflectivity R is needed. A normalized reflectance 
refR
R  
is used here for in-situ measurement, which is the reflectivity of the growing layer divided by 
the reflectivity of the substrate. This is illustrated in Fig. 3.6 
 
 
Figure 3.6. Schematic diagram illustrating the normalized reflectance. Layer B is normalized to 
the reflectance of layer A [6]. 
 
If the reflectivity is continuously measured during growth a transient graph, as 
exhibited in Fig. 3.7, is acquired. By means of the transient growth rates and, where applicable, 
surface roughness can be determined. If λ is the wavelength of the used light and n the 
refractive index of the layer, then the maximum of the Fabry-Perot oscillations due to 
interference, (following Bragg's relation) of the reflected light can be found at thickness d such 
as 
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2
)( λ⋅=⋅ mdn                               (3.2) 
with m > 1 as integer. During growth layer thickness increases constantly so that a maximum of 
reflection is reached every time Eq. 3.2 is fulfilled. Thus the growth rate μgrowth can be 
calculated by using the interval between two of these maxima 
tngrowth Δ= 2
λμ                               (3.3) 
The reflectance signal offers not only the opportunity to measure such a crucial parameter as the 
growth rate but also the information about the growth process. 
 
 
Figure 3.7. Typical reflectance transient measured at a wavelength of 600 nm. 
 
3.2.2 Pyrometry 
All substances at temperatures above absolute zero emit radiant energy as the result of 
the atomic and molecular agitation that is associated with the temperature of the substances. The 
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rate of emission per unit area increases with increase in temperature. Accordingly, the 
temperature of a substance can be measured by means of detecting such radiant energy. This 
thermal radiation is characterized by a spectrum that depends on the temperature. Pyrometry or 
radiation thermometry is the determination of temperature by analyzing this emission spectrum. 
Depending on the wavelength range studied, this procedure is called either optical or infrared 
pyrometry and is performed with an instrument called pyrometer. Because of its fast response 
this method is often used in thin film processing. In our experimental setup there are two 
pyrometers. One measures the temperature of the susceptor underneath via a light pipe sensor. 
Another is integral part of the in-situ reflectometer setup using emissivity corrected pyrometry. 
 
Principles of Pyrometry 
The pyrometry measurement is based on detection of the incandescence from a surface 
according to the Planck equation and Kirchhoff’s law [11, 12]. The Planck spectral radiance (L) 
emitted from a surface of a blackbody in thermal equilibrium at temperature is 
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where λ is the emitted wavelength, h is Planck's constant, c0 is the speed of light in vacuum and 
k is the Boltzmann's constant. Figure 3.8 shows the spectral radiance of blackbody emission for 
several wavelengths. Hence, determining the surface temperature from a blackbody is a 
straightforward task. However, real materials are seldom ideal blackbodies, i.e. bodies that 
absorb all incident radiation and at the same time are isotropically diffusive emitters. The 
optical pyrometer measures the spectral radiance of a real body Lλ, according to 
blackbodyLTL ελλ =),(                               (3.5) 
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where ε is called the spectral directional emissivity. It represents the ratio of the thermal 
radiation emitted from a real object to that from a blackbody. According to Eq. 3.5 the thermal 
emission is corrected by the emissivity factor. The emissivity ε depends on the reflectivity (ρ) 
and transmittance (τ) of the material. Following the radiation balance 
 1=++ ταρ                               (3.6) 
and Kirchhoff’s law stating that at thermal equilibrium, the emissivity of a body (or surface) 
equals its absorptivity αε = , we find 
τρε −−=1                               (3.7) 
For opaque media the transmittance becomes zero, therefore epsilon strongly depends on the 
reflectivity. 
 
 
Figure 3.8. Spectral radiance of a blackbody from Planck’s radiation law. 
 
When pyrometric measurements are made at photon energies higher than the peak 
radiance the high-energy approximation of Planck's radiation law can be used. Using the Wien 
approximation (for TT maxλλ < ) the inferred temperature from the surface of the object with 
the emissivity ε can be determined as 
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From Eq 3.8 it is obvious that successful pyrometry requires accurate knowledge of the 
spectral directional emissivity of the target. Errors of hundreds degrees are possible in 
pyrometry if the emissivity is not accurately known, as shown in Fig. 3.9. It shows that the flux 
near 3 µm of wavelength is the same for a graybody at 1000 °C with ε = 0.5 and a blackbody at 
800 °C.  
 
 
Figure 3.9. Spectral radiances for a blackbody and a graybody with emissivity of 0.5 at several 
temperatures, illustrating why accurate knowledge of the emissibity is essential. 
 
Since the emissivity of the target depends upon such factors such as the incident light 
angle, material, temperature, surface roughness, doping level, dopant used, etc., it is not always 
accurate to assume that the emissivity is a known quantity. Even the roughness of the 
unpolished side wafer can alter the emissivity. Direct pyrometry is also complicated due to the 
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fact that optical interference occurs since the refractive index of the substrate differs from the 
deposited film. Therefore the emissivity changes. 
 
 
Figure. 3.10. Pyrometry from opaque wafers such as Si or GaAs is a straightforward task as 
seen on the left half. The emissivity (ε) of the substrate surface can be calculated 
from the measured reflectivity. On transparent substrates the pyrometer detects 
the emissivity of the underlying holder rather than that of the transparent substrate. 
 
Emissivity Corrected Pyrometry 
 The emissivity changes are overcome with emissivity corrected pyrometry (ECP). 
Simply stated, this in-situ measurement technique requires the combined functionality of a 
conventional pyrometer and a reflectometer. The reflectance of the substrate is measured at the 
same wavelength at which the pyrometer measures the thermal radiance. By using the Eq. 3.7 
the spectral directional emissivity (ε) of the substrate surface can be calculated from the 
measured spectral directional reflectivity (Fig. 3.10). Now, it is apparent why transparent 
substrates cannot be measured pyrometrically. At the employed detection wavelength (here: 
950nm) the optical radiation from the susceptor passes through the transparent substrate and the 
pyrometer cannot distinguish between substrate radiation and susceptor radiation. Therefore, the 
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offset of the transparent wafer surface temperature to the underlying susceptor surface must be 
determined by a temperature calibration.  
 
 
Figure 3.11. Normalized reflectance spectra of an undoped SiC wafer for a range of 
temperatures. The straight lines represent the fit function used to determine the 
onset of the absorption. This measurement is used to calibrate the absolute 
substrate temperature for transparent substrates [13]. 
 
A temperature calibration method [13] was used which employs the strong temperature 
dependence of the bandgap of a semiconductor. Particularly suited for this determination is the 
SiC due to its high temperature stability and its transparence in the temperature range used for 
pyrometry. The onset of absorption is the evident indication that the bandgap energy in the 
reflection measurement is approached. For practical purpose, the measured reflectance is 
normalized to the room temperature reflectance. The onset of the absorption correlates to the 
temperature in the reactor [14-16]. Figure 3.11 displays this inferred reflectance spectra for an 
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undoped SiC wafer. The onset of absorption is clearly seen by a sharp falling edge in the spectra. 
With increasing substrate temperature, the position of the falling edge moves to lower energies 
as the bandgap decreases. Using a suitable fit function, we determined the position of the 
absorption onset versus the absolute temperature in a reactor in which the absolute wafer 
temperature is known. A gauging normal is established, the absorption onset is directly 
correlated to the absolute temperature. Using this reference measurement, one can the surface 
temperature for transparent substrates in general and in any uncalibrated reactor can be 
calibrated within an accuracy of 3 °C just by repeating the above procedure and comparing the 
measured dependence to the reference measurement. 
 
3.3 ex-situ Characterization Methods 
 
3.3.1 Morphology Inspection 
A good surface morphology and a good thickness uniformity are important necessities 
for spintronic device applications. Up to now, however, there have been no reports on the 
uniformity of transition metal doped GaN layers. In this thesis, therefore, GaN:Cr layers grown 
by MOVPE with different growth conditions were examined by several surface morphology 
characterization methods. Also their thickness uniformity was determined. Brief explanations 
about the morphology characterization techniques will be devised. 
 
3.3.1.1  Optical Microscopy 
Optical microscopy with all its derived types such as phase-contrast microscopy, 
differential interference contrast (DIC) microscopy or fluorescence microscopy is widely 
applied in physics, chemistry and biology. For our purpose, i.e. the layer morphology inspection 
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after growth, a DIC microscope was employed. This technique is well suited for topography 
evaluation of semiconductor layers and devices, as well as for locating defects on the surfaces. 
 
 
Figure 3.12. Schematic of differential interference contrast. 
 
Bright field illumination is the normal, most even illumination mode for microscopy. 
A full cone of light is focused by a lens on the sample. The sample is uniformly illuminated. 
The picture observed is the result of differences in reflectivity created by material properties of 
the sample, e.g. transmission and reflection through surface films, and by the surface contour of 
the sample. 
Interference contrast is a special type of bright field illumination. Figure 3.12 shows 
the apparatus. Differences in height result in laterally different intensities and therefore in image 
contrast. Etch pits and cracks which are not detectable in bright field will stand out clearly 
enough to be photographed in interference contrast. The Nomarski technique is especially good 
for observing the topography on semiconductors since it is capable of locating defects, such as 
pits, hillocks, cracks and other defects. This is very beneficial for III-Nitride layers grown on 
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sapphire substrates which are almost transparent. 
 
Table 3.1. A summary of SEM. 
Main use High magnification imaging and composition (elemental) mapping 
Destructive No, some electron beam dmage 
Magnification range 10× ~ 300,000×; 5000× ~ 100,000× is the typical operating range 
Beam energy range 500 eV ~ 50 keV; typically, 20 ~ 30 keV 
Sample requirements 
Minimal, occasionally must be coated with a conducting film; must be 
vacuum compatible 
Sample size Less then 0.1 mm, up to 10 cm or more 
Lateral resolution 1 ~ 50 nm in secondary electron mode 
Depth sampled 
Varies from a few nm to a few µm, depending upon the accelerating 
voltage and the mode of analysis 
Bonding information No 
Depth profiling 
capability 
Only indirect 
 
3.3.1.2  Scanning Electron Microscopy (SEM) 
 Scanning electron microscopy (SEM) is commonly used to examine the microstructure 
of bulk specimens. It is an electron-optical instrument which uses a source of electrons to 
illuminate the specimen. These electrons are accelerated down the column and pass through a 
combination of electromagnetic lenses and apertures to form a fine probe at the surface of the 
specimen in the chamber area. Both the column and the chamber are held under vacuum to 
avoid high voltage discharge and scattering of the electrons along their path by residual gas 
atoms. The beam may be scanned in a rectangular grid across the surface of the specimen by 
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means of a series of scan coils situated above the objective lens. A variety of signals are 
produced as a result of the interaction of the beam with the specimen, which may be collected 
by appropriate detectors. 
 This information can be accessed and displayed in a variety of forms, one of which is 
an image. The output of the various detectors such as backscattered and secondary electron 
detectors is used to modulate the brightness of a cathode ray tube (CRT). The grid of the 
electron beam on the specimen is synchronous with that of the CRT so that information from 
the sample is built up as a two dimensional image. The SEM is a valuable imaging tool which 
resolves fine details and, unlike an optical microscopy, offers a large depth of field. In addition, 
it may be combined with appropriate detectors, to serve as a powerful analytical too. 
 A higher current will reduce noise in the image. However, the probe diameter increases 
when the lenses are adjusted to give higher current, so spatial resolution in the electron image is 
compromised. Thus, there is a trade off between good count rate and low noise images and the 
ability to see very fine specimen detail. If high resolution secondary electron images are 
required, then a small probe size and short working distance should be used. This can be 
achieved by using both a strong condenser and objective lens setting. This will, however, limit 
the current in the probe, so the images may appear noisy. Table 3.1 shows a brief summary of 
SEM. 
 
3.3.1.3  Atomic Force Microscopy (AFM) 
Atomic force microscopy (AFM) is the method through which the nanometer scale 
picture and topography information about the sample surface can be obtained. Since the first 
introduction of the scanning tunneling microscope (STM) in 1981 by Binning and Rohrer [17], 
scanning probes have widely been used to measure various surface properties such as 
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topography, frictional force difference, electrostatic potential, capacitance, magnetic force, 
temperature, etc. These nanoprobing techniques have become common for qualitative and/or 
quantitative analyses of virtually all kinds of samples, and thus have brought in a wide spectrum 
of scanning probe microscopies (SPMs) [18]. Despite some drawbacks, such as tip-shape 
dependence of the image or non-ideal response of the piezo-scanner, the AFM is the most 
versatile piece of equipment among the microscopes, allowing the three-dimensional 
reconstruction of the sample topography with atomic resolution. The versatility comes from the 
fact that there is no restriction on the material to be imaged using this microscopy technique. 
Liquid materials as well as solids can be imaged, and even biological cells can be observed by 
the AFM [19, 20]. 
 
Principle of Operation 
Figure 3.13 shows the schematic diagram of an AFM, which is composed of three 
major parts. They are the electromechanical AFM body, the electronic control unit and the 
computer for data acquisition and analysis. The most important part is the AFM body, which is 
comprised of a sophisticated force sensing mechanism, a scan-generation mechanism, and a tip 
approaching mechanism. A very sharp tip with the radius of curvature often less than 10 nm 
located at the free end of a cantilever that is 100 to 200 μm long is placed right on the sample of 
interest. If the distance between the AFM tip and the sample surface is comparable to the atomic 
scale there will be repulsive or attractive force between the tip and sample depending on their 
distance. This relation is illustrated in Fig. 3.14. The AFM maintains constant interatomic force 
by the electronic feedback system while the tip is raster scanning the sample. Interatomic forces 
between the tip and the sample surface cause the cantilever to bend, or deflect. A detector 
measures the cantilever deflection as the sample is scanned under the tip. The measured 
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cantilever deflections allow a computer to generate a map of surface topography. Several forces 
typically contribute to the deflection of an AFM cantilever. The force most commonly 
associated with atomic force microscopy is an interatomic force called the van der Waals force. 
The dependence of the van der Waals force upon the distance between the tip and the sample is 
shown in Fig. 3.14. 
 
 
Figure 3.13. Schematic diagram of an AFM. 
 
Two modes of AFM measurements are generally provided. They are contact mode and 
non-contact mode. The main difference between these two is the interaction force between the 
AFM tip and surface. In the contact-AFM mode, also known as repulsive mode, the AFM tip 
makes soft “physical contact” with the sample. The tip attached to the end of the cantilever has a 
low spring constant, lower than the effective spring constant holding the atoms of the sample 
together. As the sample is grid scanned the cantilever bends up and down to maintain this 
contact force accommodating changes in topography. Although there are several attraction 
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mechanisms, the total average attractive force ranges from 10-8 to 10-6 N. The AFM tips wear 
out while taking surface images of hard materials. Another disadvantage is scratching and 
contamination of the sample. All the AFM images shown throughout this thesis are taken in 
contact mode. 
In the non-contact AFM (NC-AFM) attractive van der Waals force is maintained 
constant to measure the topography change. The spacing between the tip and the sample for the 
NC-AFM is on the order of tens to hundreds of angstroms. This spacing is indicated on the van 
der Waals curve of Fig. 3.14 as the non-contact regime. The NC-AFM is desirable because it 
provides means for measuring the sample topography with little or no contact between the tip 
and the sample, which is ideal for measuring soft materials. Tip wearing, sample scratching and 
sample contamination problems are solved by the introduction of this mode. The total force 
between the tip and the sample in the non-contact regime is very low, generally about 10-12 N. 
 
 
Figure 3.14. Interatomic force vs. distance. 
 
3.3.1.4  Uniformity Inspection 
The uniform thickness over the whole wafer is one of the most important necessities 
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for large area device fabrications. The thickness uniformity can be changed by different flow 
dynamics and species distribution. Using a Bio-Rad RPM 2000 system, thickness mappings 
were carried out to obtain the thickness uniformity of grown on 2 inch wafers. The system can 
scan wafers up to 1 mm thickness at a resolution of up to 0.1 µm. Light from the sample is 
collected by a lens and fed to a spectrometer. These spectra exhibit typical interference effects 
because of multiple beam interference, where the spectral intensity is a function of the film 
thickness. In principle the thickness d can now be calculated by use of Eq. 3.2. Therefore, if the 
film’s optical constants are known the thickness can be determined from the measured 
reflectivity. The basis of the measurement method is similar to the already discussed 
reflectometry. Furthermore weakly absorbing films and multilayer films can also be evaluated 
by use of the two phase model as mentioned in subsection 3.2.1. 
 
3.3.2 Layer Characterization 
 The layer characterization techniques are used to determine the effects of different 
growth parameters on the electrical, chemical, structural, and magnetic properties of GaN:Cr 
layers grown by MOVPE. The concentration of Cr in the GaN:Cr layers may influence the 
ferromagnetic behavior. The structural properties such as clusters, second phases, and strain 
related to several kinds of defects must be investigated with respect to the magnetic properties 
of GaN:Cr layers. In the section that follows, a brief review of several important 
characterization methods employed in the completion of the present work will be given. 
 
3.3.2.1  Hall Effect Measurement 
Hall effect measurements are commonly used to determine electrical properties of 
semiconductors such as concentration and mobility of charge carriers [21]. The Hall effect is 
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caused by the deflection of moving charged particles (i.e. electrons) by a magnetic field 
(Lorentz force). The carriers are accumulated at the edges of the samples resulting in an electric 
field which compensates the Lorentz force. By measuring the voltage associated with this the 
carrier concentration can be obtained. For a bar shaped sample with the thickness d the carrier 
concentration is given by the following expression, 
HedV
BIn −=                                (3.9) 
where I is the current through the sample, B is the magnetic field, e is the electrical charge and 
VH is the measured Hall voltage. When measuring GaN samples, it is worth mentioning that the 
measured carrier concentration is an effective one (donors minus acceptors), which does not 
take compensation effects (traps and such) into account. The sign of the Hall voltage, positive or 
negative, indicates the majority of the carriers, holes, or electrons, respectively. The Hall 
mobility is obtained, when additionally the resistance R of the sample is measured. Then μ is 
given by 
Rd
l
en
11 ⋅⋅= ωμ                            (3.10) 
where e is the electronic charge, n is the charge density, l the length, ω the width and d the 
thickness of the sample. According to Eq. 3.10 for a bar shaped sample the actual dimensions (d, 
ω, and length l) of the sample are necessary to determine all parameters. For everyday 
characterization purposes usually arbitrarily shaped samples are used. There the so called van 
der Pauw method is applied for the Hall measurements [22]. With this method the mobility and 
carrier concentration of arbitrarily shaped samples can be determined as long as there are no 
holes, non-conducting islands or inclusions (i.e. the sample is simply connected), the ohmic 
contacts are placed on the periphery (preferably in the corners of the sample) and the contacts 
are sufficiently small. For detailed discussions of this method please see [3, 23]. 
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Hall effect measurements were done at 300 K and 77 K using the van der Pauw 
configuration, to determine the resistivity of the layers as well as the electron mobility and the 
carrier concentration, using In balls for ohmic contacts. The In balls were annealed at 400 °C for 
3 ~ 4 min. in order to achieve ohmic contacts.  
 
3.3.2.2  Contactless Sheet Resistance Measurement 
 Resistivity is a primary quantity for characterization of semiconductor materials. An 
eddy current instrument directly measures non-destructively the conductance of a specimen. 
Values of sheet resistance and resistivity are calculated from the measured conductance. The 
resistivity values also require a measurement of specimen thickness. The effective sheet 
resistance of a bulk substrate is its bulk resistivity, ρ (Ω⋅cm), divided by its thickness d (cm). 
ld
RA
d
Rs == ρ                                 (3.11) 
R (Ω) is the electrical resistance of a uniform specimen, l (cm) is the specimen, and A is the 
cross sectional area of the specimen. LEI eddy current systems measure the conductivity of a 
sample by producing RF magnetic field perpendicular to the sample. The measurement principle 
is based on the absorption and dissipation of the magnetic field in the sample. Since the 
magnetic energy passes through the sample, bulk wafers and multi-layered wafers can be 
measured. LEI systems can measure sheet resistance from below 0.1 Ω/sq. to above 3000 Ω/sq 
with ± 3% error range. 
 
3.3.2.3  Secondary Ion Mass Spectrometry (SIMS) 
 Secondary ion mass spectrometry (SIMS) is one of the most powerful characterization 
techniques available in the electronics industry. It contributes in particular to the improvement 
of the expensive and difficult preparation of the III-Nitrides materials, used for the optical and 
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electrical devices. One of the problems encountered in the study of III-Nitrides processing is the 
quantitative analysis of doping elements introduced by diffusion, implantation, and epitaxy. A 
further application of SIMS analysis is the determination and localization of undesirable 
impurities which contaminate the materials during processing and significantly affect device 
performance. In this work, SIMS is employed for the evaluation of the total amount and the 
depth profiles of Cr in the GaN:Cr laysers and feed-back for the quantitative correlation of 
growth parameters and magnetic and structural properties. 
 
Principle of SIMS 
 In SIMS, the sample surface under study is bombarded by a beam of energetic ions 
(O2+). A fraction of the sputtered species is ionic. These secondary ions provide information 
about the sample composition. Mass spectrometry selects the mass of the ion of interest which 
is detected, for example, by an electron multiplier. The essential requirements for 
semiconductor analysis are as follow: 
(a) low detection limit (p.p.b. range) 
(b) high mass resolution (M/ΔM = 10,000) 
(c) high depth resolution (range nm) 
(d) wide dynamic range in depth profiling (5 ~ 7 orders of magnitude) 
(e) mass separated primary ion beam 
(f) peak-switching depth profiling of several elements 
SIMS is sensitive with a detection limit for Cr in the 1015 to 1016 cm-3 range. The lateral 
resolution is typically 100 µm but can be as small as 1 µm and the depth resolution is 50 to 100 
Å.  
 Quantitative depth profiling is one of the major strengths of SIMS. It yields a selected 
 55
mass plotted as secondary ion yield versus sputtering time. Such a plot must be converted to 
concentration versus depth. The conversion of signal intensity to concentration can, in principle, 
be calculated knowing the primary ion beam current, the sputter yield, the ionization efficiency, 
the atomic fraction of the ion to be analyzed, and an instrumental factor. Some of these factors 
are generally poorly known and a successful technique for routine quantitative SIMS analysis 
has not yet emerged [24]. The usual approach is one of using standards with composition and 
matrices identical or similar to the unknown. Ion-implanted standards are very convenient and 
also very accurate. The implant dose of an ion-implanted standard can be controlled to an 
accuracy of 5% or better. When such a standard is measured, on calibrates the SIMS system by 
integrating the secondary ion yield signal over the entire profile. Calibrated standards are 
therefore very important for accurate SIMS measurements. In this work, a Cr-implanted GaN 
sample with ion dose of 5 × 1016 atoms/cm2 and energy of 200 keV is used as a standard. 
 
3.3.2.4  Photoluminescence (PL) 
Photoluminescence (PL) is a contactless, nondestructive method to examine the quality 
of samples (relative intensity of the defects-related emission: e.g. yellow band in WZ GaN, 
doping related emission: e.g. Cr-related blue band, etc.). PL is the emitted radiation from a 
sample as a consequence of light absorption. The spectral analysis of this light allows 
statements on (in case of direct semiconductors) the band gap, crystal quality, strain, impurities 
and defects. Below a brief introduction to PL is given. For more detailed information on the PL 
of GaN refer to [9]. 
During a PL experiment usually a direct band gap semiconductor is excited with light 
of a higher energy than the bandgap, glaser E>ωh , usually laser light. Thus electronhole pairs 
are generated since electrons (e) are excited into the conduction band leaving a hole (h) in the 
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valence band. A disequilibrium is established which leads to annihilation of the electron-hole 
pairs at the band edge. In other words, the charge carriers recombine through radiative or non-
radiative processes. Non-radiative recombination is caused for instance by deep traps (such as 
acceptors). The radiative recombination is recorded and so the obtained spectra give information 
on the sample, though it has to be kept in mind that due to the limited penetration depth of light 
only a certain depth of the specimen may be analyzed. The main recombination processes (Fig. 
3.15) for a direct band gap semiconductor are listed as follows: 
• Band Band Transition (e, h) 
• Band Acceptor Transition (e, A0) 
• Donor Acceptor Pair Transition (D0, A0) 
• Excitons 
 
 
Figure 3.15. Recombination process for a direct bandgap semiconductor. (A) Band Band 
Transition (e, h), (B) Band Acceptor Transition (e, A0), (C) Donor Acceptor Pair 
Transition (D0, A0), and (D) Excitons. 
 
 Strain evaluation by PL is particularly easy for GaN. GaN layers grown on sapphire 
substrates suffer from compressive strain. The GaN bandgap increases in case of in-plane 
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biaxial compression compared to fully relaxed GaN. The donor bound exciton (DBX) energy, 
therefore, increases with increasing in-plane biaxial compressive strain in the layers. From 
absorption measurements in GaN at 2 K, the penetration depth of a He-Cd layer with 325 nm 
wavelength in GaN is estimated to be approximately 100 nm. This is the depth of the sample 
from which the PL-information is obtained. Since the sapphire substrates are transparent, the PL 
measurement in this thesis are carried out from the back-side of the wafer and from the front-
side giving access to the strain state of the first 100 nm and the last 100 nm of GaN growth, 
respectively. Details to strain evaluation in the GaN is explained in [25]. 
 
 
Figure 3.16. Typical PL spectrum of GaN layer at 1.2 K. 
 
Figure 3.16 shows that PL spectrum at 1.2 K. For excitation, the 488 nm line of Ar+-
ion laser was used, which was frequency doubled to 244 nm with an intracavity frequency 
doubler consisting of an optically non-linear barium borate crystal (β-Ba2B2O4). The spectra 
collected in the range near band edge (3.42 to 3.52 eV) were obtained using an excitation energy 
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of 50 μW, with a 1200 lines/mm grid. The yellow luminescence (YL) is a defect-related 
transition. The intensity ratio of IDBX / IYL is an indication for the quality of the samples. The full 
width at half maximum (FWHM) also confirms the crystallinity of the grown samples. PL 
measurement in the infrared (IR) regime was also employed to investigate Cr-related transitions 
in this thesis. 
 
Table 3.2. Selection rules of the Raman modes of GaN for various polarization configurations. 
Sample surface Scattering geometry [29] Allowed q = 0 phonons 
(0001) ZZ(XX)  A1(LO), E2 
ZZ(XY)  E2 
XX(YY)  A1(TO), E2 
XX(ZZ)  A1(TO) 
Edge 
XX(ZY)  E1(TO) 
 
3.3.2.5  Raman Spectroscopy 
Raman spectroscopy provides information on the vibrational states of III-Nitrides that 
are sensitive to the crystalline quality, the stress, the free carrier concentration and the 
composition. The technique is based on the inelastic scattering of light by elementary 
excitations such as phonons or plasmons. In a first-order Raman scattering process, one 
excitation, e.g, a phonon, with frequency ω and wavevector q is either created (Stokes Raman 
scattering) or annihilated (anti-Stokes Raman scattering) [26]. Mostly Stokes Raman scattering 
is used in experiments. For Stokes Raman scattering, energy and momentum conservation 
requires ω = ωi - ωs and q = ki - ks,where ωi and ki are the photon frequency and wavevector, 
respectively, of the incident photon (inside the material under study). ωs and ks are the photon 
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frequency and wavevector, respectively, of the scattered photon. Typically, only zone-centre 
phonons (q ~ 0) are probed in Raman experiments when using visible, infrared (IR) or UV 
photon wavelengths with λ >> a0 (a0 is the lattice parameter). Breakdown of the q ~ 0 selection 
rule occurs if translational symmetry is absent, e.g. in disordered material (Table 3.2). 
 
Table 3.3. Phonon frequencies (for q = 0) of unstrained GaN at 10 K and 300 K [30]. 
Phonons 
GaN (10 K) 
(cm-1) 
GaN (300 K) 
(cm-1) 
E2(low) 144 144 
E2(high) 569 567 
A1(TO) 534 532 
E1(TO) 560 559 
A1(LO) 737 734 
E1(LO) 744 741 
 
Raman Modes of GaN 
GaN normally crystallizes in the hexagonal wurtzite structure, which belongs to the 
space group 46vC  with four atoms in the primitive unit cell. For q = 0, group theory predicts 
eight sets of phonon modes: 2E2, 2A1, 2E1, and 2B1, of which both E2 sets, one A1 set and one E1 
set are Raman active and the B1 modes are silent [27, 28]. In backscattering geometry with the 
laser beam incident on the (0001) surface only the E2 and the A1(LO) modes are symmetry 
allowed. In the ZZ(XX)  geometry, i.e. incident and scattered polarization in parallel, both the 
E2 and the A1(LO) mode can be detected by Raman spectroscopy, whereas in the ZZ(XY)  
geometry, i.e. incident and scattered polarization perpendicular to each other, only the E2 mode 
is observed. A complete description of the selection rules for the E2, A1(LO), E1(LO), A1(TO), 
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and E1(TO) phonons (for q = 0) in backscattering geometry is given in Table 3.2. Table 3.3 
summarizes the frequencies of the phonons of WZ GaN. Mostly Raman spectroscopy on the 
(0001) surface has relevance for process and growth monitoring. The selection rules on the 
(0001) surface are illustrated in Fig. 3.16 for GaN with the E2 and A1(LO) phonon mode at 567 
cm-1 and 734 cm-1, respectively, clearly visible. Here the E2 (high) phonon mode is abbreviated 
as E2. The E2 phonon mode is present in the ZZ(XX)  and the ZZ(XY)  geometry; the 
A1(LO)mode is mainly observed in the ZZ(XX)  geometry as expected (see Table 3.2). The 
unit ‘cm-1’ is commonly used to describe the energy shift of the Raman scattered photon from 
the elastically scattered laser light. A Raman shift of 1 cm-1, for example, corresponds to an 
energy shift of ~ 1/8 meV. 
 
 
Figure 3.17. Raman spectra of WZ GaN. The spectra were recorded at room temperature on 
(0001) surface in various polarization configurations. The GaN is unstrained: with 
a 10 µm thick GaN layer grown by MOVPE on a sapphire (0001) substrate [31]. 
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Influence of Crystalline Quality and Stress on Raman Modes 
Information on stress and the crystalline quality can be extracted from the E2 phonon 
frequency and linewidth. The high Raman scattering cross-section of the E2 phonon (Fig. 3.17) 
is here of great advantage for process and growth monitoring. The width of the E2 Raman peak 
reflects the crystalline quality. Stress affects the E2 phonon frequency. For GaN, the E2 phonon 
frequency shifts linearly with stress with 2.9 cm-1GPa-1 for biaxial stress, in contrast to only 0.8 
cm-1GPa-1 for the A1(LO) phonon [32]. Somewhat higher values of 4.2 cm-1 GPa-1 have been 
reported for the E2 phonon in [33]. Unstrained GaN is characterized by an E2 frequency of 567 
cm-1 [30, 33]. An increase in the E2 phonon frequency with respect to unstrained GaN indicates 
compressive stress, whereas a decrease points to tensile stress. Compressive and tensile stress 
are commonly found in thin GaN films grown on sapphire and on SiC substrates, respectively. 
The in-plane strain εxx can be obtained from the stress σxx by [34] 
XX
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with Cij the elastic constants of GaN given in [35]: C11 = 390 GPa, C12 = 145 GPa, C13 = 106 
GPa, and C33 = 398 GPa, i.e. a proportionality factor of 478 GPa. Here pure biaxial stress is 
assumed and the hydrostatic stress component neglected, which can arise from point defects in 
low quality GaN or from the dopants in highly doped GaN layers. For pure biaxial stress, the 
frequency shift Δω of the E2 phonon with respect to unstrained GaN is related to stress-induced 
changes ΔE in the donor bound exciton (DBX) energy (obtained from low-temperature 
photoluminescence experiments) by ΔE = kaΔω, where ka = 6.6 × 10-3 eV⋅cm [34]. Hydrostatic 
stress results in ΔE = kpΔω, with kp = 1.1 × 10-2 eV⋅cm [34] and frequency changes Δω of the E2 
phonon of 4.2 cm-1GPa-1 [32]. The relative contribution of biaxial to hydrostatic stress in GaN 
layers can be estimated herewith. 
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3.3.2.6  X-ray Diffraction (XRD) 
X-ray diffraction (XRD) is a widely-used technique in materials science, as a highly 
sensitive tool for detailed structural studies. X-ray diffraction can be explained in simple terms 
by the “reflection” of an incident X-ray beam from a stack of parallel equidistant atomic planes. 
At each atomic plane a small portion of the beam can be considered to be reflected. If those 
reflected beams, which are not absorbed on their way through the crystal, emerge from the 
crystal in such a way that they do not cancel each other by interference, a diffracted beam can 
be observed. The condition where the reflected beams interfere positively (add up in amplitude) 
to give a strong diffracted beam is given by Bragg’s law and can be derived by simple 
trigonometry from Fig. 3.18. 
The Bragg’s law may be written as : 
nλ = 2dhklsinθB                                (3.13) 
where n is an integral number describing the order of reflection, λ is the wavelength of the X-
rays, dhkl is the spacing between the lattice planes and θB is the Bragg angle where a maximum 
in the diffracted intensity occurs. At other angles there is little or no diffracted intensity, because 
of negative interference. Experimentally by using X-ray of known wavelength, λ, and measuring, 
θB, we can calculate through Bragg’s law the spacing, dhkl, of the planes in a crystal [36]. 
 Following the conventional definitions, ω, is the angle between the incident beam and 
the sample, while 2θ is the angle between the incident and diffracted beams as shown in Fig. 
3.19. In a so called θ /2θ scan, the analyzer slowly rotates with a velocity that is two times the 
one of the sample so that ω is always equal to θ. In this case, only regions of the sample having 
a constant lattice spacing dhkl contribute to the diffracted reflections. This kind of measurement 
is important for example to distinguish a possible secondary phase or clusters in the Cr-doped 
GaN compounds which have a different dhkl, or to detect whether the structure is strained. In the 
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ω scan, the angle 2θ is maintained constant and just the angle ω is changed. Now the 
contributions to the reflection come just from the sample regions which have a well defined 
lattice spacing, determined by the angle 2θ. The variation of ω makes visible the tilt of different 
crystalline grains. If the measurement is performed with wide open detector, the FWHM of the 
rocking curve is often taken for evaluating the structural quality of epitaxial layers [37]. 
 
 
Figure 3.18. X-ray diffraction on atomic planes. 
  
Using adequate incidence angles of the X-ray diffractometer, various information 
about the crystal structure, composition, mismatch and strain (for layers deposited on a 
substrate) can be obtained. In this work XRD has been used to determine the crystal quality of 
GaN layers and qualitatively compare dislocation densities. The structural characteristics of the 
GaN epilayers were evaluated by X-ray rocking curve, using the symmetric (002) and 
asymmetric (102) reflection. The full width at half maximum (FWHM) of the (102) rocking 
curve is broadened by all types of threading dislocations (TDs) such as edge, screw, and mixed 
types while the FWHM of the (002) rocking curve is only broadened by pure screw and mixed 
type of TDs [38]. 
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Figure 3.19. Schematic setup of a XRD measurement system. 
 
X-ray Rocking Curve Analysis 
 The definition of a rocking curve is a function of the total intensity of X-rays reflected 
by a sample versus its angular position in rotation around the axis perpendicular to the 
diffraction plane. The sample is adjusted to have diffracting crystallographic planes 
perpendicular to the diffraction plane. 
 The intrinsic FWHM of the rocking curve is a few arcsec up to a few hundreds of 
arcsec, depending on the reflection and radiation used. The intrinsic FWHM can easily be 
calculated using a dynamical theory of X-ray diffraction [39]. The broadening of the rocking 
curve can be caused by the following factors: 
(i) non-monochromatised divergent X-ray beam 
(ii) gradients of lattice parameters 
(iii) crystal mosaicity 
(iv) disruption of the X-ray photon coherence by extended defects (the sample 
diffracts then as an ensemble of small crystallites) 
(v) bending of the whole sample 
For high resolution diffractometers, instrumental broadening is rather small (of a few arcsec) 
and should be taken into account only for nearly perfect samples. 
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3.3.2.7  Transmission Electron Microscopy (TEM) 
 Transmission electron microscopy (TEM) is one of the most useful structural 
characterization tools due to its resolution of around 2 Å. It is therefore possible to directly 
analyze defects on the atomic scale.  
 
 
Figure 3.20. Schematic diagram of the hexagonal unit cell showing the relationship between a 
TD along the [0001] direction and an interfacial dislocation in the (0001) basal 
plane with their Burgers vectors. The Burgers vectors shown are either edge (e), 
screw (s), or mixed (m) [40]. 
 
Various defects such as TDs and point defects in III-Nitride layers can be visualized by 
TEM. A dislocation is a line defect that is defined by its b
r
and gr . The b
r
describes the lattice 
displacement for the dislocation within the crystal. For a perfect dislocation, b
r
is equivalent to 
a unit lattice vector. Figure 3.20 is a schematic showing the dislocation lines, b
r
. The 
dislocation line may be defined as a line that forms a boundary between the sheared and 
unsheared parts of the slip plane in the crystal [40]. The dislocation is an edge type if b
r
and 
gr are perpendicular, whereas it is a screw type if these vectors are parallel. A mixed type has 
both an edge and screw component, i.e. the angle between b
r
and gr is between 0° and 90°. 
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Edge, screw, and mixed type of TDs are all present in wurtzite GaN with ><= 0211
3
1b
r
, 
>=< 0001br , and ><= 3211
3
1b
r
 [41-45]. The corresponding bg
rr ⋅ values for perfect 
dislocations are presented in table 3.4 [46]. Under ]0002[=gr two-beam condition, pure screw 
and mixed type of TDs are visible and under ]0011[=gr , ]0211[=gr , and ]0110[=gr two-
beam conditions, pure edge and mixed type of TDs are visible [46]. Figure 3.21 shows typical 
weak beam dark field (WBDF) TEM images for a GaN epilayer on a sapphire substrate [47]. 
However the process of TEM sample preparation for observation is very complicated and needs 
experience. 
 
Table 3.4. Summary of bg
rr ⋅  criteria [46]. 
Dislocation g
r  
Type b
r
 [0002] ]0011[ ]0211[ ]0110[  
Edge ]0211[
3
1 - + + + 
Screw [0001] + - - - 
Mixed ]3211[
3
1 + + + + 
 
Cross Sectional TEM Sample Preparation 
 The conventionally used process for cross section TEM sample preparation is shown in 
Fig. 3.22. First, two pieces of a sample were adhered by the face-to-face method, then the 
specimen was mechanically polished up to ~ 50 µm using SiC or diamond abrasive films, 
followed by a dimpling process up to below 10 ~ 20 µm, and finally ion-milling process for 
electron transparency. Generally, since it is very difficult to control the thickness of TEM 
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samples below ~ 20 µm by the dimpling process, the mechanical polishing process using the 
dimpler is normally stopped in the thickness range of 20 µm. 
 
 
Figure 3.21. Typical cross sectional weak beam dark field (WBDF) TEM images for GaN [47]. 
 
 
Figure 3.22. Conventional cross sectional TEM sample preparation method. 
 
3.3.2.8  Superconducting Quantum Interference Device (SQUID) 
 The superconducting quantum interference device (SQUID) is a very sensitive 
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magnetometer used to measure extremely small magnetic fields. The basic phenomena 
governing the operation of a SQUID are flux quantization in superconducting loops and the 
Josephson effect. The detailed descriptions are already available in [48, 49]. Thermo-remanent 
magnetization measurements are made by a field cooled/zero field cooled (FC/ZFC) 
measurement. 
• FC : The samples are cooled down from 380 K to 2 K with applied magnetic fields of 7 
T. The magnetization measurements are done without applied magnetic fields 
while the samples heat up to 380K. 
• ZFC : The samples are cooled down from 380 K to 2 K without applied magnetic fields. 
The magnetization measurements are done without applied magnetic fields while 
the samples heat up to 380 K. 
Field heated (FH) measurements are performed in the range of temperature from 2 K to 800 K 
to evaluate the Curie temperature (TC) of our GaN:Cr layers grown by MOVPE. 
• FH : The samples are cooled down from 800 K to 2 K with applied magnetic fields of 7 
T in an oven. The magnetization measurements are done with 10 mT while the 
samples heat up to 800 K in an oven.  
Magnetization versus field measurements produce the hysteresis loops that are easily 
identifiable and indicative of ferromagnetism. To investigate the hysteresis loops of GaN:Cr 
layers, the magnetic contributions of the undoped GaN buffer layer and sapphire substrate were 
subtracted. 
 
Magnetic Properties 
 Materials may be classified by their response to externally applied magnetic fields as 
diamagnetic, paramagnetic, or ferromagnetic. These magnetic responses differ greatly in 
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strength. Diamagnetism is a property of all materials and opposes applied magnetic fields but is 
very weak. Paramagnetism, when present, is stronger than diamagnetism and produces 
magnetization in the direction of the applied field and proportional to the applied field. 
Ferromagnetic effects are very large and produce a magnetization sometimes orders of 
magnitude greater than the applied field. Ferromagnetism is often much larger than either 
diamagnetic or paramagnetic effects. 
 
Diamagnetism 
 The orbital motion of electrons creates tiny atomic current loops which produce 
magnetic fields. When an external magnetic field is applied to a material, these current loops 
will tend to align in such a way as to oppose the applied field. This may be viewed as an atomic 
version of Lenz’s law: induced magnetic fields tend to oppose the change which created them. 
Materials in which this effect is the only magnetic response are called diamagnetic. All 
materials are inherently diamagnetic but if the atoms have some net magnetic moment as in 
paramagnetic materials or if there is long-range ordering of atomic magnetic moments as in 
ferromagnetic materials, these stronger effects are always dominant. Diamagnetism is the 
residual magnetic behavior when materials are neither paramagnetic nor ferromagnetic. 
 
Paramagnetism 
 Some materials exhibit a magnetization which is proportional to the applied magnetic 
field in which the material is placed. These materials are said to be paramagnetic and the 
magnetization, M, follow Curie’s law: 
⎟⎠
⎞⎜⎝
⎛=
T
BCM                                 (3.14) 
where, B is magnetic field, C is Curie’s constant, and T is temperature in Kelvin. All atoms have 
 70
inherent sources of magnetism because the electron spin contributes a magnetic moment and 
electron orbits act as current loops which produce a magnetic field. In most materials, the 
magnetic moments of the electrons annihilate but in materials which are classified as 
paramagnetic, the annihilation is incomplete. 
 
Ferromagnetism 
 Ferromagnetic materials exhibit long-range ordering phenomenon at the atomic level 
which causes the unpaired electron spins to line up parallel with each other in a region called a 
domain. Within the domain, the magnetic field is intense but in a bulk sample, the material will 
usually be unmagnetized because the many domains will themselves be randomly oriented with 
respect to one another. Ferromagnetism manifests itself in the fact that a small externally 
imposed magnetic field from a solenoid can cause the magnetic domains to line up with each 
other and the material is said to be magnetized. The driving magnetic field will then be 
increased by a large factor which is usually expressed as a relative permeability for the material. 
 Ferromagnets will tend to stay magnetized to some extend after being subjected to an 
external magnetic field. This tendency to “remember their magnetic history” is called hysteresis. 
The fraction of the saturation magnetization which is retained when the driving field is removed 
is called the remanence of the material and is an important factor in permanent magnets. All 
ferromagnets have a maximum temperature where the ferromagnetic property disappears as a 
result of thermal agitation. This temperature is called the Curie temperature (TC). 
 
Hysteresis 
 When a ferromagnetic material is magnetized in one direction, it will not relax back to 
zero magnetization when the imposed magnetic field is removed. The amount of magnetization 
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retained at zero driving field is called remanence. It must be driven back to zero by a field in the 
opposite direction. The amount of reverse driving field required to demagnetize is called 
coercivity. If an alternating magnetic field is applied to the material, its magnetization will trace 
out a loop called a hysteresis loop (Fig. 3.23). The lack of retraceability of the magnetization 
curve is the property called hysteresis and it is related to the existence of magnetic domains in 
the material. Once the magnetic domains are reoriented, it takes some energy to turn them back 
again. This property of ferromagnetic materials is useful as a magnetic “memory”. Some 
compositions of ferromagnetic materials will retain an imposed magnetization indefinitely and 
are useful as “permanent magnets”. 
 
 
Figure 3.23. Hysteresis loop to plot the magnetization (M) as a function of the magnetic field 
strength (H). 
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Chapter 4 
IV. INFLUENCE OF CARRIER GAS ON GaN GROWTH 
 
 The influence of different carrier gases in MOVPE (H2, N2, and H2/N2 carrier gas 
mixtures) on the undoped GaN buffer layer growth is investigated in this chapter. The growth 
mechanism was changed by varying the ratio of H2/N2 in the carrier gas. It affected the 
structural and electrical properties of undoped GaN buffer layers by MOVPE. This information 
is important when the incorporation of Cr in GaN is studied for different carrier gas mixtures. 
 
4.1 Growth Mechanism 
 
Introduction 
A good quality of undoped GaN buffer layser is one of the most important necessities 
for GaN:Cr layer growth [see Section 5.1]. In order to grow high quality undoped GaN buffer 
layers, a number of growth parameters have to be optimized and their influence on growth need 
to be studied especially with respect to their influence on structural characteristics for GaN:Cr 
layer growth. Even though the effect of most of the growth parameters on layer characteristics 
has been clarified, the influence of the carrier gas is still discussed quite contradictorily [1-5]. 
The main role of different carrier gases was briefly explained in Section 2.2.1. The carrier gas 
plays an important growth parameter also for transition metal doped GaN growth for spintronic 
applications since it may have an influence on the oxidation state of the 3d transition metal and 
therefore on the magnetic properties. The carrier gas may not only affect the growth mechanism 
but also change the structural properties of undoped GaN buffer layers and GaN:Cr layers 
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grown by MOVPE. The underlying physical processes, which lead to these properties, however, 
are not yet clear. In this section, therefore, high temperature undoped GaN buffer layer growth 
is systematically studied for different H2/N2 carrier gas ratios.   
 
Experiments 
 The undoped GaN buffer layers were grown on sapphire (0001) substrates by MOVPE 
in an AIXTRON 200/4 RF-S horizontal reactor using the inverted gas inlet geometry [see 
Section 3.1.2]. Trimethylgallium (TMGa) and ammonia (NH3) were used as the Ga and N 
precursors. The growth pressure and the total flow were maintained at 200 mbar and 8.87 slm, 
respectively. For all samples a 25 nm thick low temperature GaN nucleation layer (LT-GaN 
NL) was deposited at 550 °C in H2 environment. The LT-GaN NL was annealed at 970 °C for 3 
min. in H2 and NH3 atmosphere. The annealing was continued as the temperature was ramped 
up in 2 min. time to 1080 °C. The carrier gas was changed during this ramping time. The 
process was kept for an additional 2 min. to stabilize the carrier gas and temperature conditions 
before growth. After that, growth was resumed and 4 µm thick GaN buffer layers were grown at 
first for 10 min. at 1080°C and then at 1100°C with different H2/N2 carrier gas ratios (0%, 50%, 
70%, 80%, and 100% N2 content in the carrier gas). Since the carrier gas had a strong influence 
on the measured surface temperature [6], the heating control temperature was adjusted in order 
to compensate for this effect and to achieve the same surface true temperature 1100 °C for all 
samples. The growth was monitored in real time by an EpiR-DA-TT (Laytec) in-situ 
reflectometry system. A wavelength of 600 nm was chosen for recording transients. For the ex-
situ morphology development investigation, the growth runs were stopped after 1 min. of high 
temperature growth. For both 100% H2 and 100% N2 carrier gas, the runs were also stopped 
directly after stabilizing the temperature at 1080 °C for 2 min. and after 5 min. of growth in the 
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high temperature growth regime. The thickness uniformity was measured by using a thickness 
mapping system (Bio-Rad RPM 2000, see Section 3.3.1.4). The surface morphology was 
observed with atomic force microscopy (AFM) and scanning electron microscopy (SEM).  
 
Results and Discussion 
Figure 4.1 presents the temperature as a function of growth time for different H2/N2 
carrier gas mixtures. The growth temperature procedure is as follow. 
(i) thermal cleaning at high temperature for 10 min. 
(ii) a LT-GaN NL growth at 550 °C, temperature ramp up to 970 °C for 5 min. and 
subsequent anneal of the GaN nuclei for 3 min. 
(iii) temperature ramp up to the high temperature (HT) GaN growth regime and 
changing the carrier gas. 
(iv) HT GaN layer growth 
The surface true temperature decreased by increasing the N2 content in the carrier gas due to 
different thermal conductivity of the gas [6, 7]. Therefore, the reactor temperature was increased 
to compensate this effect and to keep the same surface temperature. In this study, the intrinsic 
effects of carrier gas mixtures were studied. 
 The thickness uniformity of GaN buffer layers grown with different H2/N2 carrier gas 
ratios was measured by a thickness mapping system. The standard deviations of 2 inch wafer 
GaN buffer layers are shown as a function of N2 content in the carrier gas in Fig. 4.2. The 
thickness uniformity was improved by introducing N2 to the carrier gas. The standard deviation 
was reduced from over more than 7% to below 4%. It means that the N2 content in carrier gas 
helps improve uniformity due to the different hydrodynamics during growth with different 
carrier gas mixtures [4].  
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Figure 4.1. Surface true temperature as a function of growth time for different carrier gas 
mixtures. (i) thermal cleaning at high temperature for 10 min., (ii) a LT-GaN NL 
growth at 550 °C and subsequent anneal of the GaN nuclei at 970 °C for 3 min., 
(iii) a temperature ramp up to the high temperature GaN layer growth and exchange 
of the carrier gas, and (iv) a 4 µm thick HT GaN layer growth. The surface true 
temperature was changed by different H2/N2 carrier gas ratios. (a) before and (b) 
after the reactor temperature was accommodated. 
 
Figure 4.3 shows the in-situ reflectance transients recorded during GaN growth for all 
samples. Three different growth steps are observed. The first step, from line (a) to line (b), 
represents LT-GaN NL growth and annealing. The annealing consists of two processes: one is 
carried out at 970 °C for 3 min. in pure H2 carrier gas; in the second, the temperature is ramped 
up to 1080 °C in 2 min. time during which the carrier gas was changed to the intended mixture. 
Additionally the conditions were stabilized for another 2 min. At line (b) growth is resumed 
after annealing and the coalescence phase starts. This means that the GaN nuclei start to merge 
together. Gradually oscillations form and reach a constant intensity at line (c), which means the 
onset of complete 2-dimenstion (2-D) layer by layer growth. With increasing N2 content in the 
carrier gas (from top to bottom in Fig. 4.3), the coalescence time and therefore the “coalescence 
 80
thickness” decreases drastically from 1572 to 98 sec. These in-situ monitoring results indicate 
that the H2/N2 carrier gas ratio changes the growth mechanism. To investigate how the growth 
mechanism was changed by the carrier gas, the growth run was stopped at different times during 
the HT growth step. 
 
 
Figure 4.2. The thickness uniformity of 2 inch wafer of GaN buffer layer grown with different 
H2/N2 carrier gas ratios. The standard deviation was reduced by introducing N2 
content in the carrier gas. 
 
The surface of the sample, the growth run of which was stopped after ramping to the 
HT growth regime and stabilizing the conditions for 2 min. (i.e. directly before HT growth is 
resumed), using 100% H2 carrier gas is presented in Fig. 4.4 (b) and shows many islands. These 
islands are GaN nuclei formed from the LT-GaN NL which was etched by H2 carrier gas during 
annealing at 970 °C, temperature ramp to 1080 °C and subsequent stabilization. The GaN is 
simultaneously etched and partially redistributed to form larger GaN nuclei [8]. These nuclei 
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grow larger and larger during the first minutes of high temperature growth. Some larger nuclei 
ripen at the expense of the smaller ones as shown in Fig. 4.4 (c) and (d). After 1 min. and 5 min. 
of growth in the HT growth regime, the in-situ reflectance signal decreases as presented in Fig. 
4.4 (a) due to the scatter of the reflected signal from the nuclei. It means that a “roughening” is 
observed with respect to the recorded wavelength. The roughening also leads to a decrease in 
the determined surface true temperature. This is an artifact of the determination method. 3-D 
growth is dominant at the beginning of the HT growth regime in which GaN nuclei with 
different height are observed [9]. A relatively long coalescence time is needed to increase the 
nuclei width before the gaps in between the nuclei are filled and complete 2-D growth is 
achieved. 
 
 
Figure 4.3. in-situ reflectance transient for the all samples. The coalescence time between (b) 
and (c) changes with different H2/N2 carrier gas ratios. 
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  (b)   
  (c)    
  (d)   
Figure 4.4. Morphology development in 100% H2 carrier gas. The measured surface 
temperature and the in-situ transient (a). The growth run was stopped directly 
before growth restarts at HT (b), after 1 min. of growth (c), and after 5 min. of 
growth (d). The corresponding SEM and AFM micrographs are presented at the 
left and right, respectively. The nuclei are quite large at the beginning of high 
temperature growth due to a ripening process and widely spaced leading to a long 
coalescence time. 
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  (b)    
  (c)   
  (d)   
Figure 4.5. Morphology development in 100% N2 carrier gas. The measured surface 
temperature and the in-situ transient (a). The growth run was stopped directly 
before growth restarts at HT (b), after 1 min. of growth (c), and after 5 min. of 
growth (d). The corresponding SEM and AFM micrographs are presented at the 
left and right, respectively. The nuclei are very small and closely spaced at the 
beginning of high temperature growth leading to nearly immediate coalescence. 
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In contrast the reflectance transient presented in Fig. 4.5 (a) directly before growth is 
resumed and after annealing at 970 °C and ramping to 1080 °C and subsequent stabilization in 
100% N2 carrier gas exhibits a direct intensity increase associated with a smoothening of the 
layer on the nanometer scale. Here part of the annealing is carried out during the exchange of 
carrier gas from 100% H2 to 100% N2 and subsequently in 100% N2 during stabilization. 
Growth oscillations evolve immediately which indicate coalescence and 2-D layer by layer 
growth. The coalescence time and therefore coalescence thickness is greatly reduced compared 
to growth in 100% H2 carrier gas. In 100 % N2 carrier gas the GaN nuclei are very closely 
spaced. After temperature ramping up, they exhibit an additional fine structure as presented in 
Fig. 4.5 (b). N2 carrier gas does not additionally etch the GaN-NL or redistribute it after 
annealing was stopped in 100% H2 carrier gas. Coalescence is rapidly achieved after growth is 
resumed and nearly completed already after only 1 min. of growth [Fig. 4.5 (c)] and is complete 
for 5 min. of growth [Fig. 4.5 (d)]. The GaN nuclei enlarge and coalesce nearly immediately due 
to the small gaps between them. Growth in N2 carrier gas is therefore much further away from 
the thermodynamically controlled growth regime and still more in the diffusion controlled 
growth regime. 
After investigating the extremes, it is also interesting to observe the morphology 
development for samples grown with different ratios of H2/N2 carrier gas mixtures. The question 
is whether there is a steady evolution in the morphology development change to be observed. 
Again the 100% H2 gas phase was exchanged for one with 50%, 70%, and 80% N2 content 
during the ramping procedure to high temperature growth. Growth was then resumed in the 
carrier gas mixture after a 2 min. condition stabilization. Figure 4.6 shows the surface 
morphology of these samples after 1 min. of growth as inspected by AFM and SEM. As the N2 
content in the carrier gas increases, the size of the nuclei becomes larger and they are more 
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closely spaced. Also an additional fine structure appears. The sample with the highest N2 
content is quite similar to the one deposited in 100% N2. Coalescence is achieved nearly directly 
since little nuclei lateral growth is observed. It means that the 2-D growth mode is dominant in a 
carrier gas with a higher N2 content.  
 
    (a)     
    (b)    
    (c)  
Figure 4.6. Morphology of the samples after 1 min. growth in the HT regime for different H2/N2 
carrier gas ratios. The SEM and AFM micrographs are presented at left and right, 
respectively. (a) H2:N2 = 50%:50%, (b) H2:N2 = 30%:70%, and (c) H2:N2 = 
20%:80%. 
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Figure 4.7. AFM pictures of 4 µm thick GaN layers grown with different H2/N2 carrier gas 
ratios. (a) 100% H2, (b) H2:N2 = 50%:50%, (c) H2:N2 = 30%:70%, (d) H2:N2 = 
20%:80%, and (e) 100% N2. 
 
The surface morphology of 4 µm thick GaN buffer layers for all the H2/N2 carrier gas 
ratios as observed by AFM are compared in Fig. 4.7. They have obviously different surface 
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features. The GaN buffer layer grown in 100% N2 carrier gas has more curved surface steps 
which start up already shortly after coalescence. As the N2 content in the carrier gas decreases, 
the curved surface steps stretch out and become linear. However there is no influence on the 
average roughness of the layers as demonstrated by the very similar root mean square (RMS) 
for all samples. These different surface features by increasing N2 content in the carrier gas are 
reproducible. 
 
Summary 
The growth procedure of GaN buffer layers using different H2/N2 carrier gas ratios 
only in the HT growth regime was investigated. Based on the overall results, N2 carrier gas 
induces a shorter coalescence time. Therefore a thinner coalescence thickness is formed. The 
carrier gas influences the size of the nuclei already shortly after annealing: N2 produces a high 
density of closely spaced small nuclei which coalesce nearly immediately after growth is 
resumed in the HT growth regime. H2 produces large nuclei by etching and redistributing the 
GaN formed in a ripening process. Here the coalescence process takes longer and the nuclei are 
larger when they coalesce. The changed GaN nuclei size affected the surface morphology for 4 
µm thick GaN layers without changing their roughness.  
 
4.2 Structural Properties 
 
Introduction 
 As discussed in Section 4.1, the H2/N2 carrier gas ratios affected the morphology 
development. It is to be expected that the change will have an influence on the structural 
properties of GaN buffer layers. Therefore, in this section, a correlation between the H2/N2 
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carrier gas ratio and the structural properties is systematically studied. The detailed structural 
and electrical characteristics of the undoped GaN buffer layers grown using different H2/N2 
carrier gas ratios will be presented in order to achieve an in depth understanding of the carrier 
gas influence. 
 
Experiments 
 About 2 µm thick undoped GaN buffer layers were grown with different H2/N2 carrier 
gas ratios (0%, 50%, 70%, 80%, and 100% N2 content in the carrier gas) using the typical two-
step growth procedure as described in Section 4.1. The crystal quality of the undoped GaN 
buffer layers was analyzed by a Seifert PTS X-ray diffractometer (XRD) tool. The in-plane 
biaxial compressive stress of the undoped GaN buffer layers was investigated by Raman 
spectroscopy at room temperature. The structural characteristics of the layers with respect to the 
strain were studied by photoluminescence (PL) at 2 K using a He-Cd laser with 325 nm 
wavelength and by identifying the excitonic line position. The PL measurements were carried 
out from the front-side giving access to the strain state of the top surface and from the back-side 
of the samples giving information on the undoped GaN buffer layers close to the sapphire 
substrates. The penetration depth of the laser is estimated to be approximately 100 nm. Cross 
sectional transmission electron microscopy (TEM) samples were prepared using a standard 
technique [see Section 3.3.2.6]. TEM micrographs visualized the defect structure directly in the 
undoped GaN buffer layers grown using 100% H2, 100% N2, and H2:N2 = 20%:80% carrier gas 
mixture. The average sheet resistance (Rs) of the GaN epilayers grown with different H2/N2 
carrier gas ratios was determined by a contactless measurement system (LEI system). For the 
layer with the highest resistance, we grew an AlGaN/GaN high electron mobility transistor 
(HEMT) structure and made ohmic contact through the whole structure to the undoped GaN 
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buffer layer [10] due to the limit of the contactless measurement system. Then we etched away 
the AlGaN layer between the two ohmic contact metals and determined the resistance of the 
undoped GaN buffer layer (Fig. 4.8). 
 
 
Figure 4.8. Resistance characterization procedure for the sample with the highest resistance. By 
locally etching the AlGaN layer solely the GaN buffer is characterized. 
 
Results and Discussion 
 As described in Section 4.1, by increasing the N2 content in the carrier gas, the 
coalescence time decreases which means that the coalescence layer thickness becomes thinner. 
Therefore it is to be expected that the N2 content in the carrier gas has an influence on the GaN 
growth mechanism and would therefore also change the structural properties of the undoped 
GaN buffer layers. Figure 4.9 shows the full width at half maximum (FWHM) of X-ray rocking 
curves for the (002) and the (102) reflections as a function of the N2 content in the carrier gas. 
The FWHM of the (002) reflection weakly increases with N2 content. It means that the screw 
type of threading dislocations (TDs) depends only very weakly on the H2/N2 mixed carrier gas 
ratio. In contrast, the FWHM of the (102) reflection at first increases only weakly with N2 
content before it strongly starts to increase above 70% of N2. The strong increase above 70% of 
N2 content (together with the only very weak dependence on carrier gas for the (002) reflection) 
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must be mainly due to the increase in edge and mixed type of dislocations. The edge type of 
TDs has been known to form at grain boundaries to accommodate the slight misorientation 
between the GaN nuclei. The nuclei are basically dislocation-free [11, 12]. SEM and AFM 
results [see Section 4.1] show that the carrier gas H2 etches, redistributes, and forms larger size 
GaN nuclei before they coalesce. In contrast during the stabilization process in N2 carrier gas 
the nuclei are not further etched and redistributed and therefore smaller GaN nuclei are present 
before HT-GaN growth is resumed and a higher concentration of grain boundaries is to be 
expected. The structural result correlates well with the observed smaller nuclei before HT-GaN 
growth is resumed and the expectation of a higher density of grain boundaries and edge type 
dislocations. Since the TD density is closely related to in-plane biaxial compressive stress, the 
samples were investigated by Raman spectroscopy next. 
 
 
Figure 4.9. FWHM of (002) and (102) XRD rocking curves as a function of N2 content in the 
carrier gas for 2 µm thick undoped GaN buffer layers. The FWHM of the (102) 
reflection increases strongly with N2 content. This is an indication for an increase in 
edge type threading dislocations. 
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Figure 4.10. in-plane biaxial compressive stress and Raman spectra (inserted) of undoped GaN 
buffer layers grown in different H2/N2 carrier gas ratios. The inset show the 
measured Raman spectra of GaN E2 phonon mode. 
 
Raman spectroscopy measurements are well suited for the non-destructive 
characterization of the overall stress in the materials. The evaluation of stress in the undoped 
GaN epilayers was performed primarily by using the E2 phonon mode. It was compared to that 
of a reference sample measured at the same time (ω0(E2) = 566.34 cm-1). The reference sample 
consisted of a 300 µm thick free-standing GaN substrate prepared by hydride vapor phase 
epitaxy (HVPE). The observed shift of the measured E2 phonon mode for a sample, ω, is 
linearly dependent on the in-plane biaxial stress, σ. It can be expressed as [13] 
)(22.0][ 0ωωσ −×−=GPa                         (4.1) 
Figure 4.10 illustrates the in-plane biaxial compressive stress and Raman spectra at room 
temperature for GaN buffer layers grown in different H2/N2 carrier gas ratios. The inset shows 
the measured E2 phonon mode spectra. At first the in-plane biaxial compressive stress gradually 
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decreases with increasing N2 content in the carrier gas. Above 70% of N2 content, the decrease 
becomes more sudden and it is minimal for the undoped GaN epilayer grown in 100% N2 carrier 
gas as shown in Fig. 4.10. This behavior correlates with the XRD results. It indicates that the in-
plane biaxial compressive stress was released by crystal defects like TDs, point defects, and 
grain boundaries [14]. 
 
 
 
Figure 4.11. Comparison of PL measurements of the GaN buffer layers grown in different 
H2/N2 carrier gas ratios: (a) front-side PL measurements and (b) back-side PL 
measurements. The position of EDBX for the unstrained GaN is also included [15]. 
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The release of in-plane biaxial compressive strain at the undoped GaN buffer layer top 
surface as well as at the interface between the undoped GaN buffer layer and the sapphire 
substrate was investigated by front- and back-side PL measurements. Figure 4.11 presents the 
PL spectra recorded at 2 K of the sample series (a) from the epilayer layer top surface and (b) 
from the back-side as well as the position of the EDBX for unstrained GaN [15]. The spectra from 
the front-side all show two well resolved transitions: at higher energy the A-exciton transition 
(AX) is resolved at lower the donor bound exciton transition. Only the sample deposited with 
100% N2 carrier gas exhibits an overall lower intensity which is indicative of a large amount of 
non-radiative recombination centers. The sample deposited with 80% of N2 content in the 
carrier gas and that with 100% H2, both exhibit comparable intensities. However for the sample 
with 100% H2 the free exciton transition has a much higher intensity which correlates with a 
higher structural material quality than the sample with 80% of N2 content in the carrier gas. In 
contrast the back-side PL measurements show very broad PL spectra compared to front-side PL 
measurements and only one transition. A lot of point defects are near the interface between GaN 
and sapphire substrate due to the LT-GaN NL. Additionally, the intensity of the PL spectra 
decreases by increasing the N2 content in the carrier gas. In Fig. 4.12 the peak position of EDBX 
is plotted as a function of N2 content in the carrier gas for PL at 2 K performed on the front- and 
back-side of the undoped GaN epilayers. The EDBX value for the fully relaxed GaN according to 
the reference values [15] is also included. For both front- and back- side PL measurements, the 
position of the EDBX gradually moves towards the value of fully relaxed GaN with increasing N2 
content as the layers show decreasing compressive strain. Especially above 70% of N2 content 
in the carrier gas, the observed strain relaxation becomes larger which coincides with the XRD 
and Raman results. The decrease in coalescence thickness with increasing N2 content leads to 
early strain relaxation. The coalescence time correlates with the size of the GaN nuclei before 
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neighboring grains coalesce: the smaller grain size allows a faster coalescence and therefore a 
smaller coalescence thickness leading to more TDs [16]. Also it becomes apparent that the 
compressive strain is smaller close to the interface between GaN and sapphire substrate 
compared to near the GaN top surface. Probably dislocations merge or are annihilated during 
layer growth and strain increases again. These XRD, Raman, and PL results agree well with a 
previous report by Li et al. [17]. It means that we can influence the structural properties of GaN 
epilayers by the choice of the carrier gas. Next, we investigated undoped GaN epilayers grown 
in different ratio of H2/N2 carrier gas mixtures with TEM to confirm the above results. 
 
 
Figure 4.12. Position of the donor bound exciton transition (EDBX) as a function of H2/N2 carrier 
gas ratio for both front- and back-side PL measurements. At the interface between 
GaN buffer layer and sapphire substrate the energetic position is at its lowest and 
close to that of the unstrained sample: GaN exhibits less compressive strain near 
the substrate than at the surface of GaN epilayer. The compressive strain decreases 
with H2/N2 carrier gas ratio. The position of EDBX for unstrained GaN is also 
included [15]. 
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100% H2 
  
H2:N2 = 20%:80% 
  
100% N2 
Figure 4.13. Cross sectional bright-field TEM images of GaN epilayers grown in 100% H2 [(a) 
and (b)], in H2:N2 = 20%:80% [(c) and (d)], and in 100% N2 carreir gas [(e) and 
(f)]: (a), (c), and (e) are under ]0002[=gr  two-beam conditions and (b), (d), and 
(f) are ]0011[=gr  two-beam conditions. The insets show the higher magnification 
of the GaN layer close to the sapphire substrate. Arrows denote stacking faults 
and half loop formations. 
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 The cross sectional bright-field (BF) TEM images were used to visualize and analyze 
the structural properties such as TDs and stacking faults in the GaN buffer layers grown in 
different H2/N2 carrier gas mixtures. The cross sectional BF TEM images of the GaN buffer 
layers grown in different H2/N2 carrier gas mixtures (100% H2, H2:N2 = 20%:80%, and 100% 
N2) are shown in Fig. 4.13. As the N2 content in the carrier gas increases, the TD density rapidly 
increases. Especially, a significant increase of the edge type TDs as shown in Figs. 4.13 (b), (d), 
and (f) is observed. The GaN buffer layer grown in 100 % H2 carrier gas has the lowest TD 
density [Figs. 4.13 (a) and (b)]. However, we also found stacking faults and half loop formation 
in the GaN grown in 100% H2 carrier gas (marked with arrows). These stacking faults and the 
half loop formation form during a longer coalescence time in 100% H2 carrier gas. Indeed, there 
are no stacking faults or half loop formation for the GaN epilayer grown in 100% N2 carrier gas 
which has a very short coalescence time. It has been reported that the interaction of the stacking 
faults and the half loop formation with the vertical TDs and the bending of TDs near the 
stacking faults contribute to the reduction of the TD density that reach the GaN top surface [18, 
19]. These TEM results show good agreement with the XRD results. The increase in TD density 
is the origin for strain relaxation in the GaN epilayers grown in the carrier gas which contains 
more N2. The ratio of H2/N2 in the carrier gas is an important growth parameter for the 
formation and annihilation of dislocations during the coalescence phase. By controlling the 
carrier gas content, the strain in the layers can also be controlled. Strain relaxation is mainly 
affected by the N2 content in carrier gas: the higher the more mainly edge type dislocations form. 
 It has been reported that TDs act as acceptor-like centers [20, 21]. Therefore we 
measured the sheet resistance (Rs) of the H2/N2 carrier gas series. The average Rs is shown as a 
function of N2 content in the carrier gas in Fig. 4.14. Mainly edge type TDs introduce acceptor-
like centers along the dislocation lines which capture electrons from the conduction band in an 
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n-type semiconductor [22, 23]. The dislocation lines become negatively charged and the 
electrons are trapped along edge TD lines [24, 25]. An increase in Rs is observed with increasing 
N2 content in the carrier gas. This result can also be explained by the increase in edge type TD 
density with N2 content. The result matches well with the XRD and the TEM results. 
 
 
Figure 4.14. The average sheet resistance as a function of N2 content in the carrier gas for 
undoped GaN layers. The sheet resistance abruptly increases for an N2 content 
above 70%. 
 
Summary 
The edge type dislocation density correlates with the nuclei size at coalescence and 
with the N2 content in the ambient: the smaller the nuclei size and the lower the H2 content in 
the carrier gas, the higher the edge type dislocation density. The increased TD density is 
responsible for the relaxation of in-plane biaxial strain in the GaN buffer layers. In the GaN near 
the sapphire interface less strain is observed than on the GaN buffer surface. For the sample 
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deposited in 100% N2 carrier gas the strain near the interface is close to that of the unstrained 
reference sample. Stacking faults and half loop formation were observed during the coalescence 
phase mainly for the sample deposited in 100% H2 carrier gas. The prolonged coalescence time 
allows the annihilation of dislocations. Therefore less TDs were observed by TEM when 100% 
H2 carrier gas is employed during growth. In contrast, more TDs were formed starting at the LT-
GaN NL which breaks through the GaN top surface when 100% N2 carrier gas is employed. Due 
to the thin coalescence thickness the annihilation of the dislocations by half loop formation and 
stacking faults is not possible. Since mainly edge type TDs act as acceptor-like centers, the 
average Rs increases with N2 content in the carrier gas. It is obvious that H2/N2 carrier gas 
mixtures can be an alternative method for the achievement of highly resistant GaN buffer layers 
with respect to GaN-based spintronic applications. 
The study revealed that the different morphology development procedure is responsible 
for increasing dislocation density in GaN layers with increasing N2 content in the carrier gas. 
This information helps the understanding of further Cr-doped GaN layer growth using different 
H2/N2 carrier gas ratios by MOVPE. The optimized H2/N2 carrier gas ratio also offers an 
undoped GaN buffer layer which has good thickness uniformity and high resistance with 
reasonable structural property. 
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Chapter 5 
V. GROWTH OF GaN:Cr BY MOVPE 
 
For spintronic applications, DMSs should exhibit a number of material properties such 
as good surface morphology, ferromagnetic properties, crystalline perfection, and high Cr 
incorporation efficiency. These are the characteristics of interest for growth optimization. This 
chapter will provide information on the best gas inlet, carrier gas, and growth temperature with 
respect to the above properties as well as the effect of post growth annealing. 
 
5.1 Growth without Undoped GaN Buffer Layer 
 
Introduction 
In this section, GaN:Cr layers were deposited directly on sapphire substrates. The 
carrier gas condition was used which is optimized for undoped GaN layers [see Chapter 4].  
 
Experiments 
A GaN:Cr layer growth was performed on sapphire (0001) substrates by MOVPE in an 
AIXTRON 200/4 RF-S horizontal reactor with the inverted gas inlet geometry. 
Trimethylgallium (TMGa), NH3, and bis(cyclopentadienyl)chromium (Cp2Cr) were used as Ga, 
N, and Cr precursors, respectively. A 25 nm thick low temperature GaN nucleation layer (LT-
GaN NL) was deposited at 550 °C in H2 ambient. The LT-GaN NL was annealed at 970 °C for 3 
min. also in H2 and NH3 environment. After the LT-GaN NL annealing process, the growth was 
resumed and the successive high temperature GaN:Cr layer growth step was performed at 
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1100 °C. The total flow was 8.87 slm, the carrier gas misture was H2:N2 = 22%:78%, and the 
Cp2Cr flow rate was 1.021 × 10-7 mol/min. The gas mixture mentioned above was chosen since 
layers showed good thickness uniformity and high enough sheet resistance with reasonable 
structural property for undoped GaN layers [see Chapter 4]. An undoped GaN layer was 
deposited with the same sequence. Growth was monitored by in-situ reflectometry in 
combination with emissivity corrected pyrometry (EpiR-M-TT, Laytec). A wavelength of 600 
nm was chosen for recording transients. 
 
Results and Discussion 
Figure 5.1 (a) shows the in-situ reflectance transient recorded during undoped GaN 
layer growth. Three different growth steps are observed. The first step, (i), represents LT-GaN 
NL growth and annealing. In the next step (ii), growth is resumed after annealing and the 
coalescence phase starts. This means that the GaN nuclei start to grow together. Gradually 
oscillations form and reach a constant intensity which means the onset of complete 2-
dimensional (2-D) layer by layer growth in the last step (iii). The in-situ transient for GaN:Cr 
layer is shown in Fig. 5.1 (b). It shows LT-GaN NL growth and annealing in (i) step. However, 
as soon as GaN:Cr growth starts, the reflectance signal drops down and does not recover in (ii) 
step. It means that the GaN nuclei do not coalesce and 3-D growth occurs for GaN:Cr. This 
result explains that the growth mechanism of GaN:Cr is different than for the undoped GaN 
layer growth by MOVPE. Therefore, an undoped GaN buffer layer is necessary to achieve 
coalescence in GaN:Cr layer growth. 
 
Summary 
A GaN:Cr layer was grown on LT-GaN NL/sapphire (0001) substrate using the growth 
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condition for optimized HT GaN growth. The GaN nuclei do not coalesce during GaN:Cr 
growth. Therefore the growth mechanism must be different for GaN:Cr by MOVPE in 
comparison to undoped GaN. Further experiments should be done on an undoped GaN buffer 
layer. 
 
 
 
Figure 5.1. in-situ reflectance transient for (a) undoped GaN where 2-D layer by layer growth is 
observed and (b) GaN:Cr where the GaN nuclei do not coalesce and grow 3-
dimensionally. 
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5.2 Different Hardware Setups at High Growth Temperature 
 
Introduction 
In this section, GaN:Cr layers were deposited on an undoped GaN bffer layer. We 
investigated the influences of MOVPE hardware setup (gas inlet geometry) on the GaN:Cr 
layers growth. The gas inlet geometry changes the distribution of active species in the reactor 
and close to the substrate. Therefore also the degree of gas phase reactions are affected, which 
take place before deposition [see Chapters 2 and 3]. 
 
Experiments 
GaN:Cr layer growth was performed on sapphire (0001) substrates by MOVPE in an 
AIXTRON 200/4 RF-S horizontal reactor equipped with a separation plate in the gas inlet, 
which allows the separate injection of metal organic (MO) sources and hydride sources into the 
reactor. Uniquely, we can change the hardware setup regarding the gas inlet between two 
geometries. The one is the so-called conventional inlet in which the ammonia (NH3) is injected 
closer to the heated substrate surface through a lower channel and the MO sources through an 
upper channel. The latter is the so-called inverted inlet because the source gas injection is 
inverted [see Section 3.1]. A two-step growth procedure was employed for GaN as described in 
Chapter 4. A 2 μm thick undoped GaN epilayer was deposited at the same conditions used for 
the GaN:Cr layer with a thickness of about 500 nm in 100% H2 carrier gas. The growth 
temperature was held constant at 1100 °C which is the value used for high quality undoped GaN. 
The Cp2Cr flow rate was varied from 0 to 1.021 × 10–7 mol/min. Growth was monitored by in-
situ reflectometry in combination with emissivity corrected pyrometry (EpiR-M-TT, Laytec) at 
a wavelength of 600 nm. Scanning electron microscopy (SEM) was used to study the surface 
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morphology of the GaN:Cr layers. The Cr content in the layer was evaluated by secondary ion 
mass spectrometry (SIMS).  
 
Results and Discussion 
Figure 5.2 illustrates in-situ reflectometry transients of GaN:Cr layer for the 
conventional inlet [Fig. 5.2 (a)] and the inverted inlet [Fig. 5.2 (b)]. For both series, as soon as 
the Cp2Cr source is let into the reactor, the oscillation amplitude and intensity decreases which 
means the layers roughen on the micrometer and nanometer scale probably due to 3-D growth. 
 
  
Figure 5.2. in-situ transients of GaN:Cr layers growth with 100% H2 carrier gas. The Cp2Cr 
molar flow is increases from top to bottem. (a) is grown in the conventional inlet 
and (b) is grown in the inverted inlet. The oscillations vanish in both series. 
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Figure 5.3. SEM micrographs for GaN:Cr layers grown with the maximum Cp2Cr flow rate. (a) 
is grown using the conventional inlet and (b) is grown using the inverted inlet with 
H2 carrier gas. The surface morphology is independent on the gas inlet geometry. 
 
Next, the surface morphology was observed by SEM to investigate how the surface 
was roughened by Cr doping. Figure 5.3 shows the surface morphology of GaN:Cr layers grown 
in the conventional gas inlet [Fig. 5.3 (a)] and in the inverted gas inlet [Fig. 5.3 (b)] with 100% 
H2 carrier gas and 1.021 × 10-7 mol/min. of Cp2Cr flow rate. For both gas inlet geometries, non-
coalesced surface morphology was observed. It can be concluded that the surface morphology is 
independent on the gas inlet geometry in 100% H2 carrier gas. 
Figure 5.4 shows the concentration of Cr in the layers measured by SIMS as a function 
of Cp2Cr flow rate in the gas phase. These SIMS results show that the concentration of Cr in the 
solid phase is linearly dependent on the Cp2Cr flow rate in the gas phase. Therefore it is possible 
to control the concentration of Cr in the layer by controlling the Cp2Cr flow rate. It is quite clear 
that the Cr incorporation efficiency is higher for the inverted inlet than for the conventional inlet. 
For GaN growth the parasitic reactions on the reactor walls are reduced leading to less gas phase 
depletion. Also, the MO sources inject closer to the substrate in the inverted inlet [1]. The 
enhanced Cr incorporation efficiency may be due to the suppression of parasitic reactions and 
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the closer access of MO sources to the substrate.  
 
 
Figure 5.4. Concentration of Cr in the layer as a function of Cp2Cr flow rate in the gas phase as 
measured by SIMS. The Cr incorporation efficiency is higher for the inverted inlet 
than for the conventional inlet. 
 
Summary 
 Cr tends to induce 3-D growth for both gas inlet geometries at the high temperatures 
used for optimized GaN growth. The gas inlet geometry does not influence the surface 
morphology of GaN:Cr layers in 100% H2 ambient. The inverted gas inlet geometry leads to a 
more efficient Cr incorporation than the conventional inlet geometry. Hence, the inverted gas 
inlet configuration is used for the further study of GaN:Cr layer growth by MOVPE.  
 
5.3 Different Carrier Gases at High Growth Temperature 
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Introduction 
 Since we already know that different carrier gas ratios have an influence on the growth 
mechanism of undoped GaN layers [see Chapter 4]. We expect, they might also change the 
growth mechanism during Cr-doping. In this section, therefore, the effect of different ambient 
(100% H2 and 100% N2) on the GaN:Cr growth at high temperature is investigated. 
 
Experiments 
 An about 500 nm thick GaN:Cr layer was grown on an undoped GaN buffer layer 
using either 100% H2 or 100% N2 in the inverted gas inlet geometry. The same growth 
procedure for the undoped GaN buffer layer was used as described in Chapter 4. For the 
GaN:Cr layer growth, the growth temperature was 1100 °C and the Cp2Cr flow rate was 1.021 × 
10-7 mol/min. The surface morphology was observed by SEM. SIMS was employed to evaluate 
the Cr content in the GaN:Cr layers. The structural properties were studied by X-ray diffraction 
(XRD) using θ/2θ scans. 
 
Results and Discussion 
It has already been shown for the growth of undoped GaN that different surface 
morphology evolves during growth in H2 and N2 carrier gases [see Chapter 4]. The surface 
morphology of the GaN:Cr layers with the maximum Cp2Cr flow rate, 1.021 × 10–7 mol/min, 
grown in 100% H2 and 100% N2 carrier gases are compared in Fig. 5.5. In H2 ambient, GaN:Cr 
islands coalesce more than in N2 ambient probably because of the different chemical reactions 
especially since the growth is closer to thermodynamic equilibrium in H2 because it etches GaN 
nuclei. The 3-D vertical growth is dominant in N2 carrier gas. It means that H2 promotes the 2-D 
growth mode during GaN:Cr layer growth at high temperature. Therefore a certain amount of 
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H2 carrier gas is needed in order to obtain layers with an improved surface morphology. 
 
  
Figure 5.5. Surface morphology of the GaN:Cr layers with maximum Cp2Cr flow rate was 
observed by SEM. (a) is grown with H2 carrier gas and (b) is grown with N2 carrier 
gas. 
 
 
Figure 5.6. Concentration of Cr in the GaN:Cr layers as a function of Cp2Cr flow rate in gas 
phase as measured by SIMS. The Cr incorporation efficiency is a little bit higher for 
H2 carrier gas than for N2 carrier gas in the inverted inlet. 
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The effects of carrier gas on the Cr incorporation efficiency in the GaN:Cr layers was 
investigated by SIMS. Figure 5.6 presents the concentration of Cr as a function of the Cp2Cr 
flow rate in the gas phase. The Cr incorporation efficiency is a little bit higher for H2 carrier gas 
than for N2 carrier gas in the inverted gas inlet geometry. However, the difference can be 
considered within the error bar of the SIMS measurement due to the rough surface morphology. 
The Cr incorporation efficiency is nearly independent on the different growth ambient for 
GaN:Cr by MOVPE. 
 
 
Figure 5.7. XRD results using θ/2θ scan. No additional peak was founded with GaN:Cr layers. 
 
 The structural characteristics of GaN:Cr layers were investigated by XRD using θ/2θ 
scans (Fig. 5.7). Neither additional peaks were observed nor a peak shift relative to the 
GaN/sapphire peak positions. There are no additional phases to be seen that have the same 
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crystal orientation as the substrate and the original GaN layer. Nevertheless the sensitivity of the 
XRD investigations may not be sufficient since the additional phases may be present as a small 
fraction in the layer. Additionally the contribution of the undoped GaN buffer layer may be 
dominant, so that structural changes may not be observable. Therefore, it is necessary to further 
investigate the structural characteristics with more sensitive methods. 
 
Summary 
H2 carrier gas promotes the coalescence during GaN:Cr layer growth. However the Cr 
incorporation efficiency is independent on the carrier gas. Therefore, a certain amount of H2 
carrier gas is necessary to achieve a coalesced surface morphology for GaN:Cr layers. No 
additional phases were founded by XRD.  
 
5.4 Growth at Different Temperatures 
 
Introduction 
The growth temperature is one of the most important parameters for GaN growth by 
MOVPE as explained in Section 2.2. It has also been reported that the growth temperature 
strongly influences the quality of Mn- or Fe-doped GaN layers grown by MOVPE [2, 3] as well 
as the Cr solubility in GaCrN layers grown by molecular beam epitaxy (MBE) [4]. In this 
section, a systematic study of the influence on growth temperature on the structural, 
morphological, and magnetic properties of GaN:Cr layers as well as on the morphology 
development is presented. The results are compared with those of undoped GaN layers for 
which the same growth conditions were used. Additionally the Cr incorporation profiles in the 
layers will be discussed and correlated to the structural and magnetic results.  
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Experiments 
A 1.5 µm thick undoped GaN buffer layer was grown with the two-step growth 
procedure as described in Chapter 4. Subsequently an about 500 nm thick GaN:Cr layer was 
deposited at different temperatures (900 °C ~ 1125 °C). To this end, the growth temperature was 
changed during the last 5 minutes of undoped GaN growth before the Cr-dopant source (Cp2Cr) 
was opened. The Cr precursor molar flows (1.02 × 10-7 mol/min.), carrier gas mixture (H2:N2 = 
22%:78%), growth pressure (200 mbar), and total flow (8.87 slm) were kept constant. The same 
layer sequence was carried out for GaN growth without Cr-doping. Growth was monitored in 
real time by an EpiR-M-TT (Laytec) in-situ reflectomery system. A wavelength of 600 nm was 
chosen for recording transients. For the ex-situ morphology development investigations, the 
growth runs were stopped after 2, 5, and 15 min. of GaN:Cr growth. This correlated with the 
thickness of about 70 nm, 170 nm, and 500 nm, respectively. The surface morphology was 
investigated by SEM and atomic force microscopy (AFM). The Cr incorporation profiles were 
studied by SIMS. Photoluminescence (PL) was employed to investigate the defects-related 
emission and Cr-related emission. PL measurements were carried out in both the ultraviolet 
(UV) and the infrared (IR) regime at 2 K, with particular attention to the characteristic intra-
center transition of Cr2+, Cr3+, and Cr4+. The structural quality of the GaN:Cr and undoped GaN 
layers was analyzed by a Seifert PTS XRD system using symmetric (002) and asymmetric (102) 
reflections. Cross-sectional weak beam dark field (WBDF) transmission electron microscopy 
(TEM) samples were prepared using the standard techniques [see Section 3.3.2.6]. They were 
employed to visualize various defect structures such as TDs and point defects directly using 
bg
rr ⋅  ( gr  is the diffraction vector and br  is the Burgers vector) criteria [see Section 3.3.2.6]. 
The in-plane biaxial strain was evaluated by Raman spectroscopy. The magnetic properties were 
investigated using a superconducting quantum interference device (SQUID) by field cooled 
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(FC), zero field cooled (ZFC), field heated (FH), and magnetic hysteresis measurements. 
 
 
Figure 5.8. in-situ reflectometry transients. As GaN:Cr growth temperature decreases, the 
average amplitude and the average intensity of the oscillations were preserved 
especially at 950 °C. 
 
Results and Discussion 
At first the morphology development was investigated during the growth of GaN:Cr as 
a function of growth temperature (Fig. 5.8). At 1125 °C, the oscillations vanished as soon as the 
Cp2Cr source was opened. 2-D growth, which gives rise to the growth oscillations, was 
disturbed. However, the oscillations of the GaN:Cr layers grown at 900 °C, 950 °C, and 1000 °C 
were maintained. The layer by layer growth mode is preserved and the surface morphology is 
improved in comparison with the ones of GaN:Cr grown at higher temperatures. Even though 
the oscillation amplitude and overall intensity were lower in comparison with the undoped GaN 
layer, the oscillations of the GaN:Cr layer grown at 950 °C show the highest overall intensity 
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and the highest amplitude of all the GaN:Cr layers. In contrast, the oscillations of the GaN:Cr 
layers grown at 900 °C and 1000 °C exhibited an overall gradual intensity and amplitude 
decrease gradually.  
 
  
Figure 5.9. Comparison of in-situ reflectometry transients between GaN:Cr (upper) and 
undoped GaN (lower) layers grown at (a) 1000 °C, (b) 950 °C, and (c) 900 °C. 
The GaN:Cr grown at 950 °C shows a different average intensity (marked with a 
dashed line) compared to the undoped GaN layer as well as a preserved average 
oscillation amplitude.  
 
In order to investigate whether the amplitude and the average intensity of the 
oscillations remain constant after reaching a certain thickness of the GaN:Cr layers, thicker 
GaN:Cr layers (~ 1 µm) were grown at 900 °C, 950 °C, and 1000 °C. A preservation of 
amplitude and intensity is observed only for the GaN:Cr layer grown at 950 °C. The transients 
were compared with those of undoped GaN layers grown at the same temperatures. Figure 5.9 
presents the comparison of the in-situ reflectance transients for GaN:Cr and undoped GaN 
layers grown at different temperatures. The in-situ transients differ strongly between GaN:Cr 
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and undoped GaN growth. At 1000 °C, the amplitude and the average intensity of the 
oscillations for the undoped GaN layer decreases much more slowly than the GaN:Cr layer 
owing to a slower roughening of the layers on the nanometer and micrometer scale [5]. At 
900 °C, the opposite is observed. At 950 °C, the amplitude and average intensity of the 
oscillations for the GaN:Cr layer decrease at first and then remain constant. In contrast, the 
oscillations for the undoped GaN layer continually exhibit amplitude and intensity decrease. 
From these differences, we can conclude that the GaN:Cr and undoped GaN have quite different 
growth modes. Especially, the GaN:Cr grown at 950 °C shows a different average intensity 
(marked with a dashed line) compared to the undoped GaN layer. The different intensities 
observed in the transients on the one hand may be caused by surface roughness but may also be 
caused by different refractive indices. This refractive index is not only a material constant but is 
also changed by the growth modes and strain in the layer related to defects. 
Next, the surface morphology of the GaN:Cr and undoped GaN layers grown at 
different temperatures was compared. SEM micrographs are presented in Fig. 5.10. The 
comparison reveals that the growth evolution is strongly influenced by the addition of Cr into 
the layer. A very good surface morphology of undoped GaN has been obtained at 1125 °C while 
the 3-D growth mode is dominant during GaN:Cr growth at this temperature. At 1000 °C, 100 
nm broad pin-holes start to form on the undoped GaN layer surface but the surface between the 
holes is still featureless. For the GaN:Cr layer, only very small pin-holes are observed. 
Nevertheless the GaN:Cr layer is not featureless but well coalesced. At 950 °C, the pin-hole 
concentration increases on the undoped GaN surface. For the respective GaN:Cr layer still only 
very small pin-holes are observed. The flatness of the GaN:Cr layer is at its best at this growth 
temperature. The 2-D lateral growth mode is promoted during GaN:Cr growth at 950 °C. At 
900 °C, however, the surface morphology of the GaN:Cr and undoped GaN were rather rough 
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and comparable. All in all the surface morphology deteriorates towards low growth 
temperatures for undoped GaN whereas it improves for GaN:Cr. For the chosen growth 
condition, 900 °C is too low for good quality GaN:Cr layers. The SEM results correlate nicely 
with the roughness evolution observed in reflectometry. 
 
 
 
 
 
Figure 5.10. Surface morphology of GaN:Cr and undoped GaN layers grown at different 
temperatures. The growth is strongly influenced by the addition of Cr into the 
layer. 
 117
  
 
Figure 5.11. The surface morphology of GaN buffer layers just before starting GaN:Cr growth 
at low temperatures, (a) 1000 °C, (b) 950 °C, and (c) 900 °C. More pin-holes are 
generated by reducing the temperature but the surfaces are still featureless. 
 
Since the surface morphology of the GaN buffer layer can affect the surface 
morphology of GaN:Cr deposited on top, growth was stopped just after the temperature was 
ramped down to 1000, 950, and 900 °C and before GaN:Cr was started. Figure 5.11 shows SEM 
micrographs of the surface morphology for these three samples. Only a few pin-holes are 
observed on the surface while the temperature ramps down to 1000 and 950 °C. More pin-holes 
were formed while the temperature ramps down to 900 °C on the surface. However, the layers 
are all featureless between the pin-holes. Therefore, it is very clear that low growth temperatures 
generate only pin-holes. The Cr incorporation is responsible for the surface features in GaN:Cr 
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layer growth and promotes the coalescence at 950 °C. 
 
 
Figure 5.12. Concentration of Cr in the GaN:Cr layers as a function of growth temperature 
measured by SIMS. The Cr concentration increases when the growth temperature 
is reduced below 1050 °C. 
 
SIMS measurements were used to explore the incorporation of Cr as a function of the 
growth temperature. Figure 5.12 presents the determined Cr concentration by SIMS for the 
GaN:Cr layers. At first the Cr concentration stays at a constant high level of 1.9 × 1019 
atoms/cm3 at growth temperatures up to 1050°C. At higher temperature the concentration 
decreases below 1019 atoms/cm3. The slight differences in the Cr concentration may be due to 
surface roughness. The SIMS depth profiles of Cr in the GaN:Cr layers are shown in Fig. 5.13 
for (a) 1000 °C, (b) 950 °C, and (c) 900 °C. We found a strong Cr accumulation near the 
interface between the undoped GaN buffer layer and the GaN:Cr layer only for the layer grown 
at 950 °C. This Cr accumulation may form due to the hindered Cr diffusion during the GaN:Cr 
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layer growth at 950 °C. Diffusion of the accumulated Cr in the layer at 950 °C may take place if 
the growth time (thickness) is increased. To this end, the growth time was doubled. The 1 µm 
thick GaN:Cr layer was compared to layer grown at 1000 °C and 900 °C with the same 
thickness.  
 
 
Figure 5.13. SIMS depth profile of GaN:Cr layers grown at (a) 1000 °C, (b) 950 °C, and (c) 
900 °C. A strong Cr accumulation is found in the GaN:Cr grown at 950 °C 
(marked with an arrow). 
 
Figure 5.14 displays the Cr depth profile in the thicker GaN:Cr layers grown at low 
temperatures. No Cr accumulation is found for the GaN:Cr layers grown at 1000 °C and 900 °C. 
However, a strong Cr accumulation still exists near the interface between the undoped GaN 
buffer and the GaN:Cr layer grown at 950 °C. Diffusion did not take place. This Cr 
accumulation near the interface may be related to the growth mechanism for the incorporation 
and to growth (morphology) development. In order to further investigate this supposition, the 
growth run was stopped at 2 (70 nm), 5 (170 nm), and 15 min. (500 nm) of growth in the Cr-
doping step at 1000 °C and 950 °C. The surface morphology was observed by AFM. 
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Figure 5.14. SIMS depth profile of about 1 µm thick GaN:Cr layers grown at (a) 1000 °C, (b) 
950 °C, and (c) 900 °C. A strong Cr accumulation is still found in the GaN:Cr 
grown at 950 °C (marked with an arrow). 
 
 
Figure 5.15. AFM images of GaN:Cr layers grown at 1000 °C with different growth times. (a) 
growth for 2 min. (about 70 nm), (b) growth for 5 min. (about 170 nm), and (c) 
growth for 15 min. (about 500 nm). After 2 min. growth, the surface exhibits 
valley-like steps. 
 
After 2 min. of growth (about 70 nm) for GaN:Cr deposited at 1000 °C, the surface of 
the GaN:Cr exhibits valley-like steps as presented in Fig. 5.15 (a). After 5 min. of growth (about 
170 nm) islands are formed which start to coalesce after 15 min. growth (about 500 nm) as 
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presented in Fig. 5.15 (b) and (c).  
 
 
Figure 5.16. AFM images of GaN:Cr layers grown at 950 °C with different growth times. (a) 
growth for 2 min. (about 70 nm), (b) growth for 5 min. (about 170 nm), and (c) 
growth for 15 min. (about 500 nm). After 2 min. growth, some nuclei form and 
around these nuclei growth evolves. 
 
 
Figure 5.17. PL spectra measured at 2 K of GaN:Cr layers grown at 950 and 1000 °C as well as 
an undoped GaN reference sample. Cr incorporation into GaN layers destroyed 
the structural properties but GaN:Cr grown at 950 °C shows better surface 
morphology and structural property than grown at 1000 °C. 
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A quite different morphology development is observed for GaN:Cr grown at 950°C. 
The respective AFM micrographs are presented in Fig. 5.16. After 2 min. of growth (about 70 
nm) some nuclei form as shown in Fig. 5.16 (a). Around these nuclei growth evolves [see Fig. 
5.16 (b)]. They ripen further after 15 min. of growth (about 500 nm) at the expense of smaller 
nuclei. This well centered growth around nuclei is not observed for the higher growth 
temperature. Growth around nuclei may hinder diffusion and may be the reason for the observed 
accumulation. Such a supposition related to morphology development is expected to have an 
influence on the structural characteristics. Therefore, the defects-related emission and Cr-related 
emission in GaN:Cr layers grown at different temperatures by MOVPE are investigated, next. 
 
 
Figure 5.18. PL spectra measured at 2 K in the IR regime. All samples show Fe3+ transitions but 
only in GaN:Cr layers, additional transition is observed at 1.1935 eV. 
 
 Figure 5.17 shows the PL spectra of GaN:Cr layers grown at different temperatures as 
well as of the undoped GaN epilayer as a reference sample. The 2 µm thick GaN reference 
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sample is grown at 1125 °C by MOVPE. The GaN reference sample shows a clear DBX and 
relatively low intensity of defects-related emission such as yellow luminescence (YL) and blue 
luminescence (BL). The YL and BL are related to Ga-vacancy, oxygen or carbon impurity, and 
structural defects [6]. The Fabry-Perot-Oscillations were found in the YL of the GaN reference 
sample. This is due to the smooth surface morphology of the GaN reference sample [7]. The 
intensity of the DBX transition decreases for GaN:Cr layer grown at 1000 °C and 950 °C in 
comparison to the reference sample. On the other hand, the intensity of YL and BL increases. 
The Fabry-Perot-Oscillations appear for the smoothest GaN:Cr layer grown at 950 °C. The 
intensity ratio of the IDBX to the defect-related emission (IYL and IBL) in GaN:Cr grown at 950 
and 1000 °C is almost similar. These PL results demonstrate the better morphological properties 
of the GaN:Cr layer grown at 950 °C. In the range of 3.30 ~ 3.45 eV, some additional peaks are 
observed in GaN:Cr layers and the reference sample. They are Raman modes and zero phonon 
line (ZPL) [7]. The IR regime was investigated with the aim of finding Cr-related transitions. 
Fig. 5.18 shows the PL spectra of GaN:Cr grown at 1000 °C and 950 °C as well as of the GaN 
reference sample in this range. For all samples, intra-3d-transitions of Fe3+ at the range of 1.21 ~ 
1.31 eV were found due to unintentional contamination [8]. Another emission peak was found at 
1.1935 eV only for GaN:Cr layers. This emission relates to Cr4+ or Ti2+ [9, 10]. Therefore, Cr4+ 
or Ti2+ exists in our GaN:Cr layers and it is independent on the growth temperature. It is more 
probable that Cr4+ is in the layers. 
Figure 5.19 shows the full width at half maximum (FWHM) of X-ray rocking curves 
for the symmetric (002) which are shown with empty symbols and the asymmetric (102) 
reflections which are shown with filled symbols as a function of growth temperature for both 
GaN:Cr which are shown with squares and undoped GaN which are shown with circles. The 
GaN:Cr layer grown at 950 °C has a narrower FWHM for both reflections compared to the 
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other two GaN:Cr layers. This indicates a lower edge, screw, and mixed type of TD density. The 
poorer crystalline quality for the other two samples could be related to the changed growth 
mode and could be responsible for enhanced Cr diffusion along TDs opposed to the Cr 
accumulation in the better crystalline quality for GaN:Cr layers grown at 950 °C. Another 
interesting observation is that the FWHM is not influenced by the growth temperature in this 
lower range for undoped GaN layers. Therefore the TD density must me comparable for these 
undoped GaN layers. Subsequently TEM studies were carried out in order to check on the above 
assumption. 
 
 
Figure 5.19. FWHM of X-ray rocking curves for GaN:Cr (square) and undoped GaN (circle) 
layers grown at different temperatures. The GaN:Cr grown at 950 °C shows better 
crystalline quality. 
 
Figure 5.20 is a typical WBDF TEM image of our undoped GaN buffer layer. A small 
number of TDs were observed. From this TEM image, it is clear that the structural quality of our 
undoped GaN buffer layer is good. More TEM studies were carried out for GaN:Cr and 
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undoped GaN layers grown at 950 °C and 1000 °C to elucidate and compare the structural 
properties. Changes in strain may be related to the formation of Cr clusters, secondary phases, 
TDs and point defects. The WBDF TEM images with different gr  vectors were studied since 
they can reveal different types of defects in the layers. In the GaN:Cr layers grown at 950 °C 
and 1000 °C, there are no interfaces visible between the GaN:Cr and undoped GaN layer as well 
as no Cr clusters nor secondary phases detected as shown in Fig. 5.21. Since the Cr 
concentration is low (approximately 2 × 1019 atoms/cm3), it is very difficult to detect a Cr 
related secondary phase and/or clusters in the TEM images. Therefore this missing observation 
does not necessarily mean that a secondary phase or that clusters are not existent in the layer. 
However, V-shape defects are observed on the surface of the GaN:Cr layers. These V-shape 
defects are very well known for highly doped GaN layers as well as for GaN layers grown at 
low growth temperatures [11]. In order to resolve whether Cr-doping or low growth temperature 
are responsible for the V-shape defects, undoped GaN layers deposited at the same growth 
temperature as the layers were investigated comparatively to the GaN:Cr. 
 
 
Figure 5.20. A typical WBDF TEM image of an undoped GaN buffer layer. The density of TDs 
is relatively low. 
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Figure 5.21. Cross sectional WBDF TEM images of GaN:Cr layers grown at (a) 1000 °C and 
(b) 950 °C. V-shape defects are observed on the surface of the GaN:Cr layers 
(marked with arrows). 
 
Figure 5.22 shows the WBDF TEM images of the GaN:Cr and the undoped GaN 
grown at 1000 °C [Fig. 5.22 (a) and (b)] and 950 °C [Fig. 5.22 (c) and (d)], respectively. In the 
undoped GaN layer grown at 1000 °C, there are no V-shape defects on the top surface. 
Therefore the V-shape defects formed in the GaN:Cr at 1000 °C are due only to Cr-doping. On 
the other hand, some V-shape defects on the top surface of the undoped GaN layer grown at 
950 °C are also observed. The density of the V-shape defects is, however, higher for the GaN:Cr 
layer at the respective temperature. Therefore at 950 °C both Cr-doping and low growth 
temperature are responsible for the V-shape defects. It has been reported that TDs and point 
defects are the origin for V-shape defects in GaN and are an indication of strain relaxation [12]. 
Possibly the observed larger number of V-shape defects may have lead to more strain relaxation 
for the GaN:Cr layers. Coming back to the question, whether the overall reduction of transient 
intensity during the in-situ observation of GaN:Cr growth at 950 °C is due to roughness or to a 
change in refractive index by strain relaxation. The change in strain may be the origin for the 
reduction of overall intensity and amplitude at the interface between undoped GaN and GaN:Cr. 
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Therefore these TEM results are the answer to the question.  
 
 
 
Figure 5.22. Cross sectional WBDF TEM images of GaN:Cr and undoped GaN layers grown at 
1000 °C and 950 °C. V-shape defects are marked with arrows. Cr-doping and low 
growth temperature are both responsible for the V-shape defects.  
 
 
Figure 5.23. Comparison of the peak positions of the GaN E2 phonon mode for a reference (300 
µm thick GaN freestanding sample), undoped GaN grown at 950 °C, and GaN:Cr 
grown at 950 °C. The in-plane biaxial stress relaxes in the GaN:Cr layer. 
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Raman spectroscopy measurements have been done for the in-plane biaxial stress 
evaluation of GaN:Cr and undoped GaN layers grown at 950 °C. Figure 5.23 shows the peak 
position of the GaN E2 phonon mode. A 300 µm thick GaN freestanding sample was considered 
as a reference. It is probably a strain-free single crystal of GaN due to its thickness. The peak 
positions of the GaN E2 phonon mode for GaN:Cr and undoped GaN layers grown at 950 °C 
were compared. Raman results explain clearly that the in-plane biaxial stress relaxes in a 
GaN:Cr layer grown at 950 °C. The in-plane biaxial stress relaxation is due to the different 
growth modes and V-shape defects. These results are very well matched with in-situ and TEM 
results. 
The magnetic properties were evaluated by SQUID measurements. The FC and ZFC 
measurements were carried out for the best two GaN:Cr layers, which were grown at 950 °C 
and 1000 °C. For the reference, an undoped GaN layer was also considered. The origin of the 
non-zero magnetic moment in the undoped GaN at low temperature might be due to metallic 
impurities as shown in PL results. Figure 5.24 indicates that our GaN:Cr layers exhibit thermo-
remanent magnetization above room temperature. The markedly different behavior, namely the 
increasing FC/ZFC difference at decreasing temperature, is indicative of the fact that the sample 
is in the magnetically frozen state. Its response is determined by a thermally activated processes 
across an energy barrier. The GaN:Cr layer grown at 950 °C shows the highest thermo-remanent 
magnetization. Also this sample exhibits a clear hysteresis loop at 300 K as shown in Fig. 5.25. 
For this data, the magnetic contributions of the undoped GaN buffer layer and sapphire substrate 
were subtracted. The results can explain the possibility of ferromagnetic behavior at room 
temperature with our GaN:Cr layer. To determine the Curie temperature (TC), FH measurements 
were done at high temperature (Fig. 5.26). The sample was cooled down to 2 K with an applied 
magnetic field of 7 T. The measurement was carried out during heating to 800 K with 10 mT. 
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From this result, a TC of GaN:Cr grown at 950 °C can be expected of about 620 K. This is the 
first indication of the high TC for GaN:Cr layer grown by MOVPE.  
 
 
Figure 5.24. FC and ZFC measurements performed with two GaN:Cr layers which were grown 
at 950 °C and 1000 °C. They show thermo-remanent magnetization above room 
temperature. 
 
There is an indication that good structural quality and Cr accumulation at the interface 
lead to improved magnetic properties. Regarding this point, some suppositions can be addressed. 
(1) The accumulation of Cr at the interface may lead to higher spin interaction in the layer. (2) 
Some nano sized clusters are formed in the layer, where Cr accumulation is found. Therefore, 
the origin of ferromagnetism may be nano sized Cr clusters as described in the bound magnetic 
polaron (BMP) model [see Section 2.3]. However, these nano clusters may also show non-
uniform ferromagnetic behavior or spin-glass behavior. To prove these suppositions, the origin 
of this magnetism still needs to be studied in more detail. 
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Figure 5.25. Magnetic moment versus magnetic field curve of the GaN:Cr layer grown at 
950 °C at 300 K with external magnetic field perpendicular to the c-plane. It 
shows a clear hysteresis loop at room temperature. 
 
 
Figure 5.26. FH measurement from 2 K to 800 K. The TC of GaN:Cr layer grown at 950 °C is 
about 620 K. 
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Summary 
GaN:Cr layers were grown by MOVPE on sapphire (0001) substrates at different 
temperatures. The surface morphology of GaN:Cr layer improves as the growth temperature is 
reduced in contrast to undoped GaN layers. Also the reduction of growth temperature is 
responsible for the increase in Cr concentration in the GaN:Cr layer. The growth evolution is 
strongly influenced by the addition of Cr into the layer. A strong Cr accumulation near the 
interface between the undoped GaN buffer layer and the GaN:Cr layer was observed in the 
GaN:Cr layer with the best surface morphology. There is an indication that Cr-doping is 
responsible for the observed different morphology development. The GaN:Cr layer grown at 
950 °C forms nuclei during the first few minutes of growth. Around these nuclei a ripening is 
observed. The Cr accumulation at the interface between the undoped GaN and GaN:Cr enhances 
strain relaxation and may be the origin for the oscillation development in reflectometry and the 
observed enhancement of V-shape defects. The structural properties of GaN:Cr correlate with 
the magnetic properties. The improved structural properties of GaN:Cr grown at 950 °C leads to 
the highest thermo-remanent magnetization as well as a clear hysteresis loop at room 
temperature. A TC of 620 K was determined. These overall results illustrate the possibility of 
ferromagnetism at room temperature with GaN:Cr grown by MOVPE with an optimized growth 
condition. However further detailed investigations are necessary to understand the magnetic 
results.  
 
5.5 Different Carrier Gases at Low Growth Temperature 
 
Introduction 
The effect of different H2/N2 carrier gas ratios on undoped GaN layer growth has been 
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explained in Chapter 4. The growth mechanism and therefore the surface morphology and 
structural properties of the GaN epilayer were affected by the ratio of H2/N2 in the carrier gas. 
Also the influence of 100% H2 or 100% N2 carrier gas on the surface morphology of GaN:Cr 
layers grown at normal GaN growth temperature was presented in Section 5.2. The influence of 
different H2/N2 carrier gas ratios at the lower growth temperature optimal for GaN:Cr growth 
has not yet been investigated and is presented here. The carrier gas may have an effect of the 
oxidation state of Cr and therefore on the magnetic properties of the GaN:Cr layers as well as on 
the surface morphology and the Cr distribution.  
 
Experiments 
All samples were grown using the inverted inlet geometry [see Section 3.1.2]. An 
undoped GaN buffer layer was deposited first as described in [Section 5.2]. Subsequently an 
about 500 nm thick GaN:Cr layer was deposited at 1000 °C with different H2/N2 carrier gas 
ratios (0%, 20%, 50%, 78%,and 100% N2 content in the carrier gas). The GaN:Cr growth 
temperature of 1000 °C was chosen because of the uniform Cr depth profile in the GaN:Cr 
layers [see Section 5.4]. To this end, the growth temperature and carrier gas were changed 
during the last 5 min. for undoped GaN growth before the Cr-dopant source (Cp2Cr) was opened 
toward to the reactor. The molar flows (1.021 × 10-7 mol/min.) of the Cr precursor, the growth 
pressure (200 mbar), and the total flow (8.87 slm) were kept constant. Growth was monitored in 
real time by an EpiR-M-TT (Laytec) in-situ reflectometry system. A wavelength of 600 nm was 
chosen for recording transients. The surface morphology was observed by SEM. The Cr 
incorporation profiles were evaluated by SIMS. The samples were studied by PL at 2 K. 
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Figure 5.27. in-situ reflectometry transients for the GaN:Cr layers grown with different H2/N2 
carrier gas ratios. The oscillations were conserved for an H2:N2 = 22%:78% 
carrier gas mixture. 
 
Results and Discussion 
The morphology development was investigated during the GaN:Cr growth as a 
function of the ratio of H2/N2 carrier gas mixtures. Figure 5.27 shows the in-situ reflectometry 
transients. Up to 50% of N2 content in the carrier gas, the oscillations vanished gradually. The 2-
D growth mode was disturbed. However, the oscillations of the GaN:Cr layers grown in H2:N2 = 
22%:78% and 100% N2 carrier gases were maintained. It means that the layer by layer growth 
mode was conserved with higher content of N2 in the carrier gas. To confirm this supposition, 
the surface morphologies were observed by SEM. 
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Figure 5.28. Surface morphology of GaN:Cr grown with different H2/N2 carrier gas ratios. The 
best surface morphology was observed for an H2:N2 = 22%:78% carrier gas 
mixture. 
 
The surface morphology of GaN:Cr grown with different H2/N2 carrier gas ratios are 
shown in Fig. 5.28. The samples grown in 100% H2 and in 100% N2 carrier gas show a 
definitely different morphology. In 100% H2 carrier gas, the surface was more coalesced than in 
100% N2. This result is contradictory to the in-situ results. Nanometer scale holes were observed 
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on the GaN:Cr layer grown in 100% H2 carrier gas. Therefore more oscillations were preserved 
in 100% N2 carrier gas. For all the other carrier gas mixtures, the surface morphology is similar. 
The sample with a H2:N2 ratio of 22%:78% was at its flattest. This result is very well matched to 
the in-situ transients. 
 
 
 
Figure 5.29. SIMS depth profiles of GaN:Cr layers grown with different H2/N2 carrier gas ratios. 
A higher N2 content in the carrier gas produces more uniform Cr incorporation 
profiles. 
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The Cr distribution in the GaN:Cr layers was measured by SIMS. Figure 5.29 
illustrates the concentration of Cr as a function of the depth. With increasing N2 content in the 
carrier gas, the average Cr concentration in the GaN:Cr layer slightly decreases. However, the 
uniformity of Cr concentration in the depth profile improves. Also more abrupt interface 
profiles between the undoped GaN buffer layer and the GaN:Cr layer are observed. Additionally, 
a Cr accumulation was observed in 100% H2 carrier gas. This is related to the structural 
properties of the layers [see Section 5.4]. 
 
 
Figure 5.30. PL spectra measured at 2 K of GaN:Cr layers grown with different H2/N2 carrier 
gas ratios. More structural defects were generated by increasing the N2 content in 
the carrier gas. 
 
PL measurements at 2 K were employed to investigate the transitions related to defects 
and Cr in the UV and the IR regime, respectively. The intensity of YL and BL increases as the 
N2 content in the carrier gas increases (Fig. 5.30). The structural defects are increased by 
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growing with a higher N2 content in the carrier gas [see Chapter 4] due to the changed growth 
mechanism. The intensity of Cr4+ emission decreases by increasing N2 content in the carrier gas 
(Fig. 5.31). Even though further proof is needed, the Cr4+ concentration may reduce with 
increasing H2 content in the carrier gas. 
 
 
Figure 5.31. PL spectra measured at 2 K in the IR regime. The intensity of Cr4+ decreases as  
N2 content in the carrier gas increases. 
 
Summary 
Different H2/N2 carrier gas ratios changed the growth mechanism for GaN:Cr layers by 
MOVPE. The H2 carrier gas helps to promote the 2-D growth mode. Therefore a certain amount 
of H2 carrier gas is necessary [see Section 5.3]. However a higher content of N2 in the carrier 
gas forms a more uniform Cr distribution in the GaN:Cr layers as well as an abrupt interface 
between the undoped GaN buffer layer and the GaN:Cr layer due to structural properties of the 
layers. The defects may enhance Cr diffusion. There is an indication that the Cr4+ concentration 
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increase with the H2 content in the carrier gas. Further investigations such as electron spin 
resonance (ESR) are necessary to characterize the oxidation state of Cr in the layers. 
 
5.6 Increasing Cr Concentration 
 
Introduction 
In the Section 5.4, we demonstrated ferromagnetism at room temperature for our 
GaN:Cr layer. However, the concentration of Cr in the GaN:Cr layers is still very low. Theory 
assumes that Cr must be incorporated in % range (1 ~ 15%) to realize DMSs [13]. Therefore, in 
this section, we have tried to increase the Cr concentration in the GaN:Cr layers by changing the 
Cr/Ga source ratio. 
 
Experiments 
A two-step growth procedure was employed at first a 1.3 µm thick undoped GaN 
buffer layer was grown using the inverted inlet geometry [see Chapter 4]. Subsequently an 
about 1 µm thick GaN:Cr layer was deposited at 950 °C with different Cr/Ga source ratios. The 
950 °C was chosen for growth temperature of the GaN:Cr layer since this layer showed the 
highest thermo-remanent magnetization and ferromagnetic behavior at room temperature [see 
Section 5.4]. Cp2Cr flow rate was kept constant (1.021 × 10-7 mol/min.) and Cr/Ga source ratio 
was changed from 9.24 × 10-4 to 4.62 × 10-3 by changing TMGa flow rate. The NH3 flow as kept 
(9.688 × 10-2 mol/min.) and therefore the V/III ratio was also changed. Growth was monitored 
in real time by an EpiR-DA-TT (Laytec) in-situ reflectomery system. A wavelength of 600 nm 
was chosen for recording the transients. The surface morphology was investigated by SEM and 
the Cr incorporation profiles were studied by SIMS. The structural quality of the GaN:Cr was 
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analyzed by a Seifert PTS XRD system using symmetric (002) and asymmetric (102) reflections. 
The magnetic properties were investigated using a SQUID. 
 
Results and Discussion 
The growth rate for the GaN:Cr layers was changed by the different Cr/Ga source 
ratios (Fig. 5.32). Since the growth rate is linearly dependent on the group III flow rate [14], the 
growth rate of GaN:Cr layers decreases by the increasing Cr/Ga source ratio.  
 
 
Figure 5.32. Growth rate of GaN:Cr with different Cr/Ga source ratios. The growth rate is 
linearly dependent on the Cr/Ga source ratio due to the changed TMGa flow rate. 
 
The effect of Cr/Ga source ratio on the Cr incorporation efficiency was investigated by 
SIMS. The concentration of Cr is shown as a function of Cr/Ga source ratio in Fig. 5.33. The 
concentration of Cr in the solid phase increases linearly with the Cr/Ga source ratio.  
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Figure 5.33. The concentration of Cr in the GaN:Cr layers grown with different Cr/Ga source 
ratios. The Cr concentration in the solid phase increases linearly with the Cr/Ga 
source ratio. 
 
Figure 5.34 illustrates the SIMS depth profile of Cr in the GaN:Cr layers grown with 
different Cr/Ga source ratios. The Cr distribution in the depth profile is different for all three 
samples. Only in the GaN:Cr layer grown with the Cr/Ga source ratio of 9.24 × 10-4, a small Cr 
accumulation still forms near the interface between the undoped GaN buffer and the GaN:Cr 
layer [marked with an arrow in Fig. 5.24 (a)]. The GaN:Cr layer grown with the nest higher 
Cr/Ga source ratio of 1.54 × 10-3 shows a uniform Cr distribution to the depth profile. For the 
highest Cr/Ga source ratio, a Cr accumulation is observed towards the top surface. The change 
in Cr distribution in the GaN:Cr layers grown with different Cr/Ga source ratios may mean that 
the growth mechanism of GaN:Cr layers is affected by different Cr/Ga source ratios. Therefore, 
details of growth are investigated next. 
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Figure 5.34. SIMS depth profile for GaN:Cr layers grown with different Cr/Ga source ratios. 
The Cr depth profile in the GaN:Cr layers was affected by the different Cr/Ga 
source ratios. 
 
 
Figure 5.35. in-situ reflectometry transients for the GaN:Cr layers grown with different Cr/Ga 
source ratios. The average intensity of oscillations for the GaN:Cr layers was 
changed compare to the undoped GaN layers. 
 
Figure 5.35 shows the in-situ reflectometry transients of GaN:Cr layers grown with 
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different Cr/Ga source ratios. As expected from the previous experiments, the oscillation 
amplitude and overall intensity of GaN:Cr are lower in comparison with the undoped GaN. It 
means that the surface morphology was roughened on the nanometer and micrometer scale. The 
changed average intensities observed may also be caused by different refractive indices. This 
refractive index is not only a materials constant but may be affected changed by the growth 
modes and strain in the layers related to defects. For the GaN:Cr layer with the highest Cr/Ga 
source ratio, the average intensity and amplitude of oscillations is more strongly preserved 
compared to the others. It means that the surface morphology can be smoother than the others. 
To check this expectation, the surface morphology was observed by SEM. 
 
  
 
Figure 5.36. Surface morphology of the GaN:Cr layers grown with different Cr/Ga source ratios. 
The surface morphology is smoothest for the highest Cr/Ga source ratio. 
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 The surface morphology of the GaN:Cr layers grown with different Cr/Ga source ratios 
are presented in Fig. 5.36. Obviously they show almost similar surface morphology. However, 
Fig. 5.36 (c) shows a little bit smoother surface morphology compare to the others. This result 
matches well with in-situ transient results. Either the higher Cr incorporation promotes lateral 
growth or the lower growth rate. Further investigations need to be carried out to distinguish 
between the two effects. The different Cr incorporation efficiencies can affect the structural 
properties of the GaN:Cr layers which is studied next.  
 
 
Figure 5.37. FWHM of X-ray rocking curves for (002) and (102) reflections. The TD density 
mainly edge type increases by increasing the Cr/Ga source ratio. 
 
 Figure 5.37 shows the FWHM of X-ray rocking curves for the (002) and the (102) 
reflections as a function of Cr/Ga source ratio. The FWHM of (002) reflection was not affected 
by the Cr/Ga source ratios. However the FWHM of (102) reflection increases with increasing 
Cr/Ga source ratio. It means that the TD density especially edge type is increased by increasing 
 144
the Cr/Ga source ratio.  
 
 
Figure 5.38. FC measurements of the GaN:Cr layers grown with different Cr/Ga source ratios. 
They exhibit thermo-remanent magnetization above room temperature. 
 
The magnetic properties of the GaN:Cr layers grown with different Cr/Ga source ratios 
were investigated by SQUID measurements. At first, the samples were cooled down with 7 T 
and the thermo-remanent magnetization was measured with 10 mT while the sample warm up to 
380 K. The magnetic moment is shown as a function of measurement temperature in Fig. 5.38. 
All GaN:Cr layers show thermo-remanent magnetization above room temperature. Especially, 
the thermo-remanent magnetization increases with increasing Cr/Ga source ratio. It means that 
the higher Cr concentration in the GaN:Cr layer shows the higher magnetic moment. It may be 
due to the larger number of nano sized Cr clusters. However the magnetic moment is not 
linearly dependent on the amount of Cr atoms in the GaN:Cr layers. Magnetic hysteresis, 
remanent magnetization (Mrem), and coercivity (Hc) are detectable in our GaN:Cr layers grown 
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by MOVPE which are typical for ferromagnetism. The GaN:Cr layers also exhibit hysteresiss 
loop at room temperature. The measurement is presented for the highest Cr/Ga source ratio in 
Fig. 5.39. A rather clear ferromagnetic component is observed. The Mrem is about 6 × 10-7 emu. 
This value agrees well with the one obtained from the FC measurements. The value of Hc is 
about 40 mT.  
 
 
Figure 5.39. Magnetic moment versus magnetic field curve of the GaN:Cr layer grown with the 
highest Cr/Ga source ratio. A hysteresis loop at room temperature is found. 
 
Summary 
A higher Cr concentration in the GaN:Cr layers was obtained by increasing the Cr/Ga 
source ratio. This was done by decreasing TMGa flow and therefore the growth rate. The 
concentration of Cr is linearly dependent on the Cr/Ga source ratio. Either the decrease in 
growth rate or the higher Cr concentration promote the lateral growth and generate more edge 
type of TDs. The Cr distribution in the GaN:Cr layer is affected by the Cr/Ga source ratios. 
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Lower ratios lead to the interface Cr accumulation, very high to surface accumulation. The 
thermo-remanent magnetization of the GaN:Cr layers increase with increasing Cr/Ga source 
ratio. Hysteresis loops were observed for the GaN:Cr layers in this series.  
 
5.7 Post Growth Annealing 
 
Introduction 
Our GaN:Cr layers grown by MOVPE showed ferromagnetic behavior at room 
temperature [see Sections 5.4 and 5.6]. Kane et al. [15] tried to increase the TC for GaMnN by 
post growth annealing. In the case of GaMnN, secondary phases were formed and there was a 
complete loss of magnetization at room temperature after annealing at 500 °C [16]. The thermal 
stability of the GaN:Cr layers is found to be superior to that of GaMnN layers annealed under 
similar conditions [17]. With the aim of improving magnetic properties for GaN:Cr layers, some 
groups have reported the effect of post growth annealing on the GaN:Cr layers [17, 18]. 
However the results are quite controversial. Therefore, in this section, the influence of post 
growth annealing on the structural and magnetic properties of GaN:Cr layers is studied. 
 
Experiments 
 About 1 µm thick GaN:Cr layers were deposited on undoped GaN buffer layers as 
described in Section 5.6. All layers were grown using the inverted gas inlet geometry [see 
Section 5.2] and using H2:N2 = 22%:78% carrier gas [see Section 5.5]. The growth temperature 
(950 °C) and the Cr/Ga source ratio (4.64 × 10-3) were kept constant for the GaN:Cr layers 
growth since these chosen growth conditions produced the GaN:Cr layers with the best surface 
morphology, the highest Cr concentration, and the highest thermo-remanent magnetization as 
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well as ferromagnetic behavior at room temperature [see Sections 5.4 and 5.6]. After about 1 
µm thick GaN:Cr layers growth, the temperature was ramped down to the annealing 
temperature for 5 min. in N2 and NH3 ambient, continuously in the MOVPE reactor. The post 
growth annealing was done at two different temperatures, 900 °C and 700 °C, respectively in 
100% N2 ambient for 10 min. The surface morphology was observed by SEM and the Cr depth 
profile of the GaN:Cr layers was determined by SIMS. The structural properties were 
investigated by XRD. SQUID measurements were employed to evaluate the magnetic properties. 
 
  
 
Figure 5.40. SEM micrographs for GaN:Cr layers (a) without post growth annealing, (b) 
annealing at 900 °C, and (c) annealing at 700 °C for 10 min. The surface 
morphology was obviously changed by annealing at different temperatures. 
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Results and Discussion 
SEM was employed to examine the effect of post growth annealing at different 
temperatures on the surface morphology of GaN:Cr layers. As can be seen in Fig. 5.40, the 
surface morphology of the GaN:Cr layer is obviously affected by post growth annealing. The 
highest annealing temperature leads to a smoother surface with a big decrease in pin-hole 
density as shown in Fig. 5.40 (b). Annealing at 700 °C seems to increase the pin-hole density 
[Fig. 5.40 (c)] compared to the non-annealed sample [Fig. 5.40 (a)]. It is unclear, how annealing 
changes the morphology since the 100% N2 carrier gas should not etch the surface and should 
stable the surface sufficiently. It may be expected from these SEM results, that the Cr depth 
profiles in the GaN:Cr layers may be influenced by annealing at different temperatures. 
Therefore SIMS depth profiles were studied next. 
 
 
Figure 5.41. SMIS depth profiles for GaN:Cr layers without and with post growth annealing. 
The diffusion of Cr atoms in the GaN:Cr layer was promoted by post growth 
annealing. 
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 Figure 5.41 illustrates the concentration of Cr as a function of depth measured by 
SIMS. The black line is the Cr depth profile of non-annealed, the red line is annealed at 700 °C, 
and the blue line is annealed at 900 °C GaN:Cr layers, respectively. The distribution of Cr at the 
interface between the undoped GaN buffer and GaN:Cr layer and toward to the top surface of 
GaN:Cr layer is strongly affected by the annealing process: after annealing no Cr accumulation 
at the top surface is observed any more. After annealing at 900 °C, an out diffusion of Cr 
towards the top surface seems to be observed. 
 
 
Figure 5.42. FWHM of X-ray rocking curves for (002) and (102) reflections. The TD density 
especially edge type decreases by post growth annealing mainly edge type of TDs. 
 
 The FWHM of X-ray rocking curves for (002) and (102) reflections is shown as a 
function of annealing temperature in Fig. 5.42. The FWHM of (002) reflection is nearly 
independent on annealing whereas as the FWHM of the (102) reflection decreases by the post 
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growth annealing process. It means that mainly the edge type of TDs decreases by annealing. 
Two reasons may explain the XRD results: (1) A proper post growth annealing process reduces 
the TD density [19, 20] and/or (2) random or interstitially sited Cr substitutes Ga in the lattice, 
increases Cr solubility [17] and leads to a more homogeneous Cr distribution and lattice starain. 
If Cr clusters and second phases such as CrxN are formed in the GaN:Cr layer by the post 
growth annealing, the layer should lose some of its magnetic properties since Cr and CrxN are 
anti-ferromagnetic materials. The following SQUID measurements should give more 
information on such an effect of annealing. 
 
 
Figure 5.43. FC measurements of the GaN:Cr layers with and without post growth annealing. 
The normalized magnetic moment is significantly increased by annealing at 
700 °C. 
 
 The magnetic moment is shown as a function of measurement temperatures in Fig. 
5.43. The magnetic moment was normalized with respect to area (1 cm2) and thickness (1 µm). 
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The thermo-remanent magnetization significantly increases by post growth annealing at 700 °C. 
It is an indication that the Cr incorporation on lattice sites increase for this annealing 
temperature. However, the thermo-remanent magnetization of the GaN:Cr layer annealed at 
900 °C is nearly the same as for the non-annealed GaN:Cr layer. All samples show clear 
hysteresis loops at room temperature (Fig. 5.44). The saturation magnetization of the GaN:Cr 
layer annealed at 700 °C (2.5 × 10-5 emu) is 5 times higher than for the non-annealed GaN:Cr 
layer (5 × 10-6 emu). Even though the thermo-remanent magnetization is similar for the sample 
annealed at 900 °C and the as grown GaN:Cr layers, the saturation magnetization increases by 
the post growth annealing procedure at 900 °C. However it is still not clear why the 
ferromagnetism is observed and why the Cr distributed uniformly on Ga sites leads to the 
ferromagnetism. In the material under consideration here, the average concentration of magnetic 
ions is far below the percolation limit for the nearest-neighbor coupling. Some possible reasons 
for ferromagnetism are addressed. (1) More Cr atoms diffuse to a Ga site by the proper 
annealing process and therefore show a higher thermo-remanent magnetization, (2) more nano 
sized Cr clusters form by annealing and these nano sized Cr clusters show ferromagnetic 
behavior as described in the BMP model [see Section 2.3], and (3) impurities such as oxygen 
and hydrogen might affect the magnetic properties. However, we need more detail study to find 
the origin of the ferromagnetic behavior in our GaN:Cr layers. 
 
Summary 
 Post growth annealing influences the surface morphology of GaN:Cr layers. Annelaing 
strongly reduces the Cr concentration neat the top surface leading to a more homogeneous 
distribution of Cr in the layer. The structural properties improve probably due to the annihilation 
of TDs, an increase Cr solubility, and the more homogeneous Cr distribution by the annealing 
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process. The thermo-remanent magnetization increases about 5 times by annealing at 700 °C. 
The saturation magnetization of the GaN:Cr layer annealed at 700 °C significantly increases. 
Therefore, using 700 °C as the post growth annealing temperature improves the magnetic 
properties of GaN:Cr layers grown by MOVPE. 
 
 
Figure 5.44. Normalized magnetic moment versus magnetic field curves for GaN:Cr layers with 
and without post growth annealing. All samples show hysteresis loops at room 
temperature. The saturation magnetization increases by post growth annealing. 
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Chapter 6 
VI. CONCLUSION AND OUTLOOK 
 
 In this thesis, the MOVPE growth of GaN:Cr layers was investigated for spintronic 
applications. The prerequisites for DMSs were defined with respect to their Cr incorporation, 
morphological, and structural properties as well as ferromagnetism at room temperature. They 
should exhibit smooth surface morphology, high Cr incorporation efficiency without secondary 
phases or Cr clusters, and a TC above room temperature. The influence of the gas inlet geometry, 
the growth temperature, the H2/N2 carrier gas ratio, and the Cr/Ga source ratio on GaN:Cr layer 
growth was systematically investigated as well as the effect of post growth annealing and the 
influence of an undoped GaN buffer layer. 
 First, the variation of the H2/N2 ratio in the carrier gas during undoped GaN layer 
growth was studied. The N2 content in the carrier gas promoted thickness uniformity and 
affected the growth mechanism for GaN layers. The TD density mainly edge type as well as the 
sheet resistance increases with N2 content in the carrier gas. A certain amount of H2 in the 
carrier gas is necessary for acceptable structural and morphological properties. This information 
helps in the further understanding of GaN:Cr layer growth for different H2/N2 carrier gas ratios.  
The Cr-doping in GaN was investigated. For GaN:Cr layer growth, an undoped GaN 
buffer layer is essential. Cr incorporation is enhanced if the metal organic sources are injected 
closer to the substrate. A certain amount of H2 in the carrier gas is necessary to promote 2-D 
growth. An over 150 K lower growth temperature for GaN:Cr layer in comparison to undoped 
GaN layers is necessary for good surface morphology. Lower growth temperatures enhance Cr 
incorporation. A strong Cr accumulation near the interface between the undoped GaN buffer 
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layer and the GaN:Cr layer was observed for the optimized growth conditions. This sample 
exhibited the highest thermo-remanent magnetization as well as a clear hysteresis loop at room 
temperature. A TC of 620 K was determined. 
 The Cr concentration in the GaN:Cr layers increases further by using high Cr/Ga 
source ratios. This was done by reducing the Ga source partial pressure and automatically 
reducing the growth rate. The accumulation of Cr at the interface between the undoped GaN 
buffer and the GaN:Cr layer decreases as the Cr/Ga source ratio increases. However a Cr 
accumulation towards the top surface of GaN:Cr layer is then observed. The thermo-remanent 
magnetization of GaN:Cr layers increases with the Cr/Ga source ratio. 
 Post growth annealing further improves the magnetic properties of our GaN:Cr layers 
grown by MOVPE, especially at 700 °C. Post growth annealing affects the surface morphology 
of GaN:Cr layers and leads to a more homogeneous Cr distribution. The thermo-remanent 
magnetization and the saturation magnetization were significantly increased by annealing at 
700 °C. All in all, at a Cr concentration of 1 × 1020 atoms/cm3, good morphological and 
structural quality and magnetic properties (Mrem = 7.4 ×10-6 emu) were achieved. 
 However, up to now, a direct correlation between structural properties and magnetic 
properties has not yet established. Therefore further studies are necessary to determine the 
origin of ferromagnetism in our GaN:Cr laysers. Additionally the growth process needs to be 
optimized using additional parameters, e.g. growth pressure, total flow, etc. The oxidation state 
of Cr in the GaN:Cr layers still needs to investigated and the influence of carriers on the 
magnetic properties need to be studied. At last there is a strong need for a practical device 
demonstration showing spin functionality in a GaN based structure such as a spin LED or a 
tunneling magneto-resistance device. The control of spin injection and manipulation of spin 
transport by external means, such as voltage from a gate contact or magnetic fields from 
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adjacent current lines or ferromagnetic contacts, is at the heart of whether spintronics can be 
exploited in device structures. These areas are still in their infancy. 
 
Acknowledgments 
 
I am grateful to all the people who have contributed to my Ph.D. thesis in direct or 
indirect manner. First of all I would like to thank Prof. Hans Lüth for giving me the opportunity 
to work in his institute and his compelling enthusiasm for interesting physical questions. 
Without his interest and support, this work would have not been possible. I am also indebted to 
Prof. Gernot Heger for kindly accepting to referee this work. He showed me what a really good 
teacher is. Our new institute director, Prof. Detlev Grützmacher is thanked for supporting this 
work in its final stages.  
Great appreciation goes of course to Dr. Hilde Hardtdegen for carefully reviewing this 
work and kindly accepting me in her group. She taught me a lot of things as my mother in the 
research field. The hottest discussion with Dr. Nicoleta Kaluza grew me up. My office mates, Dr. 
Roger Steins, Mr. Zdenek Sofer, Miss Vera Klinger, and Mr. Romualdo Ferreyra, gave me many 
memories. I also thank Mr. Konrad Wirtz. He always fixed all the problems with our MOVPE. 
In the morning, I had very good time with Dr. Martina von der Ahe. I appreciate her cigarettes 
and tea as well as good discussions for XRD. I also appreciate nice XRD lectures of Dr. E. 
Hollmann. 
Prof. Peter Kordoš and Dr. Michel Marso helped me for the electrical measurements. I 
have to say “Thank you very much, Mr. Gero Heidelberger!!”. We were in same situation with 
our thesis and understood each other very well. I thank Dr. Thomas Schäpers and Dr. Vitaliy 
Guzenko for the lots of help with the magnetic properties. Especially for the magnetic properties 
measurements, I express my great thank to Mr. Klaus Schmalbuch, Mr. David Wenzel, and Dr. 
Bernd Beschoten in RWTH Aachen. I always annoyed them but they presented me very good 
results and discussions. I really enjoyed working with all colleagues in Jülich even though I 
could not list all their names here. I thank all people at IBN-1 from bottom of my heart as well 
as my German family, all Ludwigs in Hambach. 
I would like to express my thanks to a lot of collaborators over the world. Dr. G. 
Crecelius for Raman spectroscopy, Dr. Jan Zenneck at Göttingen University, Dr. Nicolas 
Thillosen, and Prof. Yong Hoon Cho at Chungbuk National University for PL measurements, Dr. 
P. Veit at Otto-von-Güricke-University Magdeburg, Dr. P. Ruterana in France, and Prof. Hyung 
Koun Cho and Mr. B. H. Kong at Sungkyunkwan University for TEM measurements, Dr. U. 
Breuer for SIMS measurements, and Mr. H.-P. Bochem for SEM measurements as well as 
AIXTRON AG and Laytec GmbH.  
I also thank Dr. Young Ju Park at KIST, Prof. Dongjin Byun at Korea University and 
all other colleagues at Korea University and KIST. I could not finish my Master thesis without 
their guide and help. I never forget the memory with them. Even though it was very short time 
at Epivalley in Korea, I would like to thank them. They gave me the motivation to start the Ph.D. 
course. I am happy with all my friends over the world, especially in Korea, in Slovakia, in USA 
and in Poland.  
I am deeply grateful to my family in Korea for giving me the opportunity to purse my 
goals, for believing in me, and always giving me their full support. My father always takes care 
of me in haven. I am also very sorry to my mother and sisters. I don’t do my role as a son in 
Korea. Last but not least, I would like to comment my love. Thank you very much for your 
sincere love toward me and I love you. 
 
 
Publication List : 
 
1) INTERNATIONAL JOURNALS 
 
1. Yong Suk Cho, H. Hardtdegen, N. Kaluza, R. Steins, G. Heidelberger, and H. 
Lüth, “The growth mechanism of GaN with different H2/N2 carrier gas ratios”, 
Journal of Crystal Growth 307, 6 ~ 13 (2007). 
 
2. Z. Sofer, N. Kaluza, H. Hardtdegen, R. Steins, Yong Suk Cho, J. Stejskal, and 
D. Sedmidubský, “Investigation of AlN growth on sapphire substrate in a 
horizontal MOVPE reactor”, Journal of Physics and Chemistry of Solids 68, 
1131 ~ 1134 (2007). 
 
3. H. Hardtdegen, R. Steins, N. Kaluza, Yong Suk Cho, K. Wirtz, M. von der 
Ahe, H. L. Bay, G. Heidelberger, and M. Marso, “New approaches for growth 
control of GaN-based MEMT structures”, Applied Physics A: Materials 
Science & Processing 87, No. 3, 491 ~ 498 (2007). 
 
4. Yong Suk Cho, N. Kaluza, V. Guzenko, Th. Schäpers, H. Hardtdegen, H.-P. 
Bochem, U. Breuer, M. R. Ghadimi, M. Fecioru-Morariu, B. Beschoten, and H. 
Lüth, “The growth of Cr-doped GaN by MOVPE for Spintronics”, Phys. Stat. 
Sol. (a) 204, No. 1, 72 ~ 77 (2007). 
 
5. Yong Suk Cho, H. Hardtdegen, N. Kaluza, N. Thillosen, R. Steins, Z. Sofer, 
and H. Lüth, “Effect of carrier gas on GaN epilayer characteristics”, Phys. Stat. 
Sol. (c) 3, No. 7, 1408 ~ 1411 (2006).  
 
6. H. Hardtdegen, N. Kaluza, R. Steins, Yong Suk Cho, R. Schmidt, Z. Sofer, 
and J.-T. Zettler, “Observation of growth during the MOVPE of III-nitrides”, J. 
Phys. IV France 132, 177 ~ 183 (2006). 
 
7. H. Hardtdegen, N. Kaluza, Z. Sofer, Yong Suk Cho, R. Steins, H.L. Bay, Y. 
Dikme, H. Kalisch, R.H. Jansen, M. Heuken, A. Strittmatter, L. Reißmann, D. 
Bimberg, and J.-T. Zettter, “New method for the in situ determination of 
AlxGa1-xN composition in MOVPE by real-time optical reflectance”, Phys. 
Stat. Sol. (a) 203, No. 7, 1645 ~ 1649 (2006). 
 
8. H. Hardtdegen, N. Kaluza, R. Steins, Yong Suk Cho, Z. Sofer, M. Zorn, K. 
Haberland, and J.-T. Zettter, “Use of wafer temperature determination for the 
study of unintentional parameter influences for MOVPE of III-nitride”, Phys. 
Stat. Sol. (b) 242, No. 13, 2581 ~ 2586 (2005). 
 
9. Yong Suk Cho, J. Kim, Y. J. Park, H. Na, H. J. Kim, H. J. Kim, E. Yoon, and Y. 
W. Kim, “The effects of strained sapphire (0001) substrate on the structural 
quality of GaN epilayer”, Phys. Stat. Sol. (b) 241, No. 12, 2722 ~ 2725 (2004). 
 
10. Yong Suk Cho, E. K. Koh, Y. J. Park, D. Koh, E. K. Kim, Y. Moon, S.-J. 
Leem, G. Kim, and D. Byun, “Effects of N+-implanted sapphire (0001) 
substrate on GaN epilayer”, Journal of Crystal Growth 236, 538 ~ 544 (2002). 
 
11. Yong Suk Cho, J. Jhin, E. K. Koh, Y. J. Park, E. K. Kim, G. Kim, S.-K. Min, 
and D. Byun, “Improved Crystalline Quality of GaN by Substrate Ion Beam 
Pre-Treatment”, Jpn. J. Appl. Phys. Vol. 41, Pt. 1, No. 6B, pp. 4267 ~ 4270 
(2002). 
 
12. Yong Suk Cho, J. Jhin, Y. J. Park, S. Cho, E. K. Koh, E. K. Kim, G. Kim, S.-K. 
Min, and D. Byun, “Implantation of N-ion on Sapphire Substrate for GaN 
Epilayer”, Jpn. J. Appl. Phys. Vol. 41, Pt. 1, No. 6B, pp. 4299 ~ 4303 (2002). 
 
2) DOMESTIC JOURNALS 
 
1. Yong Suk Cho, E. K. Koh, Y. J. Park, E. K. Kim, S.-M. Hwang, S.-J. Leem, 
and D. Byun, “Effects of GaN Buffer Layer Thickness on Characteristics of 
GaN Epilayer”, Korean J. Mat. Res. 11, 7, pp 575∼579 (2001). 
 
3) INTERNATIONAL CONFERENCES 
 
1. M. von der Ahe, Yong Suk Cho, N. Kaluza, H. Hardtdegen, M. Marso, and D. 
Gruetzmacher, “An old technique (Umweganregungen) for X-ray 
characterization of an epitaxial new material (Chromium doped GaN)”, 
European Materials Research Society 2007 Fall Meeting, Warsaw, Poland, 
September 17 ~ 21, 2007. 
 
2. Yong Suk Cho, N. Kaluza, H. Hardtdegen, M. von der Ahe, U. Breuer, Th. 
Schäpers, K. Schmalbuch, B. Beschoten, H.-P. Bochem, D. Grützmacher, and 
H. Lüth, “MOVPE of GaN:Cr for spintronics”, The 15th International 
Conference on Crystal Growth, Salt Lake City, Utah, U.S.A., August 12 ~ 17, 
2007. 
 
3. Yong Suk Cho, N. Kaluza, H. Hardtdegen, U. Breuer, H.-P. Bochem, D. 
Grützmacher, and H. Lüth, “Study on the intentional incorporation of Cr in the 
MOVPE of GaN”, 12th European Workshop on Metalorganic Vapour Phase 
Epitaxy, Bratislava, Slovakia, June 3 ~ 6, 2007. 
 
4. H. Hardtdegen, R. Steins, N. Kaluza, Yong Suk Cho, M. von der Ahe, H. L. 
Bay, G. Heidelberger, M. Marso, and K. Wirtz, “MOVPE growth optimization 
for AlGaN/GaN HEMTs”, 12th European Workshop on Metalorganic Vapour 
Phase Epitaxy, Bratislava, Slovakia, June 3 ~ 6, 2007. 
 
5. N. Kauza, Yong Suk Cho, H. Hardtdegen, V. Guzenko, Th. Schäpers, U. 
Breuer, K. Schmalbuch, B. Beschoten, J. Zenneck, G. Chambard, and P. 
Ruterana, “Properties of MOVPE grown (Ga,Cr)N layers for spintronic 
applications”, 2007 MRS Spring Meeting, San Francisco, CA, U.S.A., April 9 
~ 13, 2007. 
 
6. N. Kaluza, Yong Suk Cho, N. Thillosen, M. v. d. Ahe, V. Guzenko, Th. 
Schaepers, H. Hardtdegen, U. Breuer, R. Ghadimi, M. Fecioru-Morariu, and B. 
Beschoten, “First Grwoth of Cr-doped GaN Layers by MOVPE for 
Spintronics”, 2006 MRS Fall Meeting, Boston, MA, U.S.A., November 27 ~ 
December 1, 2006. 
 
7. H. Hardtdegen, R. Steins, N. Kaluza, Yong Suk Cho, M. v. d. Ahe, H. L. Bay, 
G. Heidelberger, and M. Marso, “Improvement of buffer properties for HEMT 
application using N2 ambient in a horizontal MOVPE reactor with inverted gas 
inlet”, International Workshop on Nitride Semiconductors 2006, Kyoto, Japan, 
October 22 ~ 27, 2006. 
 
8. N. Kaluza, Yong Suk Cho, H. Hardtdegen, N. Thillosen, V. Guzenko, Th. 
Schäpers, U. Breuer, M. R. Ghadimi, M. Fecioru-Morariu, B. Beschoten, and 
H. Lüth, “Chromium doped GaN layers for spintronics”, International 
Workshop on Nitride Semiconductors 2006, Kyoto, Japan, October 22 ~ 27, 
2006. 
 
9. Yong Suk Cho, H. Hardtdegen, N. Kaluza, G. Heidelberger, R. Steins, and H. 
Lüth, “Influences of H2/N2 Carrier Gas Mixtures on the Characteristics of GaN 
Epilayers”, Nanoelectronics Days 2006, Aachen, Germany, October 11 ~ 13, 
2006. 
 
10. H. Hardtdegen, R. Steins, N. Kaluza, Yong Suk Cho, M. von der Ahe, H. L. 
Bay, K. Wirtz, G. Heidelberger, and M. Marso, “New Approaches for Growth 
Control of GaN Based HEMT Structures”, Nanoelectronics Days 2006, 
Aachen, Germany, October 11 ~ 13, 2006. 
 
11. N. Kaluza, Yong Suk Cho, H. Hardtdegen, N. Thillosen, V. Guzenko, Th. 
Schäpers, U. Breuer, M. R. Ghadimi, M. Fecioru-Morariu, B. Beschoten, and 
H. Lüth, “Chromium Doped GaN Layers for Spintronics”, Nanoelectronics 
Days 2006, Aachen, Germany, October 11 ~ 13, 2006. 
 
12. M. v. d. Ahe, H. Hardtdegen, N. Kaluza, H. P. Bochem, M. Marso, and Yong 
Suk Cho, “Influence of Precursor Ratio and Access on Properties of AlN 
Layers Grown by MOVPE”, Nanoelectronics Days 2006, Aachen, Germany, 
October 11 ~ 13, 2006. 
 
13. Yong Suk Cho, N. Kaluza, N. Thilosen, V. Guzenko, Th. Schäpers, H. 
Hardtdegen, U. Breuer, M. R. Ghadimi, M. Fecioru-Morariu, B. Beschoten, 
and H. Lüth, “The growth of Cr-doped GaN by MOVPE for spintronics”, 
European Materials Research Society 2006 Fall Meeting, Warsaw, Poland, 
September 4 ~ 8, 2006. 
 
14. Yong Suk Cho, H. Hardtdegen, N. Kaluza, P. Veit, G. Heidelberger, N. 
Thillosen, R. Steins, H. Lüth, and J. Christen, “Systematic study on the growth 
mechanism of GaN/sapphire epilayers grown with different H2 and N2 carrier 
gas”, 13th International Conference on Metal Organic Vapor Phase Epitaxy, 
Miyazaki, Japan, May 22 ~ 26, 2006. 
 
15. N. Kaluza, Yong Suk Cho, N. Thillosen, H. Hardtdegen, Th. Schäpers, U. 
Breuer, M. Siebert, Th. Schmidt, and J. Falta, “First study on incorporation and 
properties of Cr-doped GaN by MOVPE”, 13th International Conference on 
Metal Organic Vapor Phase Epitaxy, Miyazaki, Japan, May 22 ~ 26, 2006. 
 
16. H. Hardtdegen, N. Kaluza, Yong Suk Cho, R. Steins, A. Strittmatter, L. 
Reißmann, D. Bimberg, and J.-T. Zettler, “New method for the in situ 
determination of AlxGa1-xN composition in MOVPE by real-time optical 
reflectance”, 6th International Conference on Nitride Semiconductors, Bremen, 
Germany, August 28 ~ September 2, 2005. 
 
17. Yong Suk Cho, H. Hardtdegen, N. Kaluza, L. Houben, M. Luysberg, N. 
Thillosen, R. Steins, M. v. d. Ahe, G. Crecelius, Z. Sofer, and H. Lüth, “The 
Effects of Carrier Gas on GaN Epilayer Characteristics”, 6th International 
Conference on Nitride Semiconductors, Bremen, Germany, August 28 ~ 
September 2, 2005. 
 
18. H. Hardtdegen, N. Kaluza, R. Steins, Yong Suk Cho, R. Schmidt, T. Trepk, 
and J.-T. Zettler, “Observation of Growth during the MOVPE of III-Nitrides”, 
10th International Conference on the Formation of Semiconductor Interfaces, 
Aix-en-Provence, France, July 3 ~ 8, 2005. 
 
19. R. Steins, H. Hardtdegen, N. Kaluza, M. v. d. Ahe, Yong Suk Cho, and Z. 
Sofer, “Optimisation of GaN high-temperature growth using N2 as carrier gas”, 
11th European Workshop on Metalorganic Vapour Phase Epitaxy, Lausanne, 
Switzerland, June 5 ~ 8, 2005. 
 
20. N. Kaluza, R. Steins, Yong Suk Cho, Z. Sofer and H. Hardtdegen, “In-Situ 
Monitoring of Parameters Influencing Temperature in MOVPE Nitride 
Growth”, 11th European Workshop on Metalorganic Vapour Phase Epitaxy, 
Lausanne, Switzerland, June 5 ~ 8, 2005. 
 
21. Yong Suk Cho, J. Kim, Y. J. Park, H. Na, H. J. Kim, H. J. Kim, E. Yoon, and Y. 
W. Kim, “The Effect of Strained Sapphire (0001) Substrate on Structural 
Quality of GaN Epilayer”, The 5th International Symposium on Blue Laser and 
Light Emitting Diodes, Gyeongju, Korea, March 15 ~ 19, 2004. 
 
22. J. S. Lee. J. Jhin, M. Kang, Yong Suk Cho and D. Byun, “Characteristics of 
ions implanted sapphire substrates for GaN”, The 3rd International Conference 
on Advanced Materials and Devices, Jeju, Korea, November 10 ~ 12, 2003. 
 
23. D. Byun, Yong Suk Cho, J. Kim, Y. J. Park, E. K. Kim, G. Kim, E. K. Koh, 
and S.-K. Min, “Improved Crystalline Quality of GaN by Substrate Ion Beam 
Pre-Treatment”, 2001 International Microprocesses and Nanotechnology 
Conference, Japan, October 31 ~ November 2, 2001. 
 
24. Y. J. Park, Yong Suk Cho, E. K. Koh, E. K. Kim, G. Kim, D. Byun, and S.-K. 
Min, “Implantation of N-Ion on Sapphire Substrate for GaN Epilayer”, 2001 
International Microprocesses and Nanotechnology Conference, Japan, October 
31 ~ November 2, 2001. 
 
4) DOMESTIC CONFERENCES 
 
1. Yong Suk Cho, N. Kaluza, H. Hardtdegen, Th. Schäpers, V. Guzenko, K. 
Schmarbuch, B. Beschoten, U. Breuer, A. Besmehn, H.-P. Bochem, and H. 
Lüth, “MOVPE growth and characterization of Cr-doped GaN”, 71. 
Jarestagung der Deutschen Physikalischen Gesellschaft, Regensburg, 
Germany, March 26 ~ 30, 2006. 
 
2. Yong Suk Cho, N. Kaluza, V. Guzenko, Th. Schäpers, H. Hardtdegen, U. 
Breuer, K. Schmalbuch, B. Beschoten, and H. Lüth, “Optimization of Cr-
doped GaN growth by MOVPE”, 21. DGKK Workshop “Epitaxie von III/V-
Halbleitern”, Ulm, Germany, December 7 ~ 8, 2006. 
 
3. Yong Suk Cho, N. Kaluza, U. Breuer, V. Guzenko, H. Hardtdegen, and H. 
Hüth, “MOVPE of Cr-doped GaN”, 70. Jarestagung der Deutschen 
Physikalischen Gesellschaft, Dresden, Germany, March 27 ~ 31, 2006. 
 
4. Yong Suk Cho, H. Hardtdegen, M. Marso, N. Kaluza, R. Steins, and H. Hüth, 
“GaN epilayers grown with different H2/N2 carrier gas mixtures”, 20. DGKK 
Workshop “Epitaxie von III/V-Halbleitern”, Duisburg, Germany, December 8 
~ 9, 2005.  
 
5. N. Naluza, R. Steins, Z. Sofer, Yong Suk Cho, N. Thillosen, and H. 
Hardtdegen, “MOVPE von AlGaN/GaN/Saphir: Einflus der Reaktorhardware”, 
20. DGKK Workshop “Epitaxie von III/V-Halbleitern”, Duisburg, Germany, 
December 8 ~ 9, 2005. 
 
6. H. Hardtdegen, R. Steins, N. Kaluza, Z. Sofer, Yong Suk Cho, M. Zorn, K. 
Haberland, and J.-T. Zettler, “In-situ Untersuchungen von 
Wachstumsparameterinfl-üssen auf die MOVPE von GaN”, 69. Jahrestagung 
der Deutschen Physikalischen Gesellschaft, Berlin, Germany, March 4 ~ 6, 
2005. 
 
7. R. Steins, H. Hardtdegen, N. Kaluza, M. v. d. Ahe, Z. Sofer, and Yong Suk 
Cho, “Einfluss von N2 als Trägergas für GaN Wachstum im invertierten 
Einlass”, 69. Jahrestagung der Deutschen Physikalischen Gesellschaft, Berlin, 
Germany, March 4 ~ 6, 2005. 
 
8. R. Steins, H. Hardtdegen, N. Kaluza, M. v. d. Ahe, and Yong Suk Cho, 
“Einfluss von N2 als Trägergas für GaN Wachstum im invertierten Einlass”, 19. 
Workshop des DGKK-Arbeitskreis “Epitaxie von III/V-Halbleitern”, Freiburg, 
Germany, December 9 ~ 10, 2004. 
 
9. Yong Suk Cho, Y. J. Park, J. Jhin, E. K. Koh, D. Rho, D. Byun, W. J. Choi, 
and J. I. Lee, “Study of Ion Beam Pre-treated Substrate on Characteristics of 
GaN Epilayers”, Bull. Kor. Mat. Res. Soc. (May 2003). 
 
10. J. Jhin, D. Rho, Yong Suk Cho, and D. Byun, “Annealing Effects of GaN 
Epilayer Grown on Pretreated Sapphire Substrate”, Bull. Kor. Mat. Res. Soc. 
(May 2003). 
 
11. Yong Suk Cho, E. K. Koh, Y. J. Park, E. K. Kim, S.-M. Hwang, S.-J. Leem, 
and D. Byun, “Effect of GaN Buffer Layer on Characteristics of Epilayer”, 
Bull. Kor. Phys. Soc. (April 2001). 
 
12. Yong Suk Cho, E. K. Koh, Y. J. Park, E. K. Kim, S.-M. Hwang, S.-J. Leem, 
and D. Byun, “The Effect of N+-Implanted Sapphire (0001) Substrate on GaN 
Epilayer”, Bull. Kor. Mat. Res. Soc. (May 2001). 
 
5) PATENTS : 
 
1. Young Ju Park, Yong Suk Cho, and Dongjin Byun, “Crystal Quality 
Enhancement Method on Nitride Compound”, Korean Patent Number : 
0472260. 
 
6) INVITED TALKS : 
 
1. Yong Suk Cho “Investigation of Cr-doped GaN Growth with MOVPE for 
Spintronics”, Francis Bitter Magnet Laboratory, MIT, Massachusetts, U.S.A., 
June 27th, 2006. 
 
2. Yong Suk Cho “Growth and Characterization of Cr-doped GaN by MOVPE 
for Spintronic Applications”, Hanyang University, Seoul, Korea, December 
28th, 2006. 
 
3. Yong Suk Cho “Growth and Characterization of Cr-doped GaN by MOVPE 
for Spintronic Applications”, Chungbuk National Univeristy, Cheongju, 
Korea, January 04th, 2007. 
CURRICULUM  VITAE 
 
Name in Full : Yong Suk Cho (sex : male) 
 
Date of Birth : October 6, 1975 
 
Citizenship : Korean 
 
Place of Birth : Seoul, Republic of Korea 
 
Address : 
 
915-22, 202, Daechi 4-dong, Gangnam-gu, Seoul, 135-843 
Republic of Korea 
E-mail : dennycho@empal.com 
 
Education : 
 
October 2004 ~ December 2007 : Ph. D. Student 
The Faculty of Georesources and Materials Engineering of the RWTH Aachen 
University. 
Institute of Bio- and Nanosystems (IBN-1), Research Center Jülich. 
Major Subject : III-Nitride based Spin-electronics. 
Ph. D. Thesis : “Growth of GaN:Cr layers by MOVPE for Spintronics” 
 
March 2003 ~ March 2004 : Ph. D. Student 
Department of Materials Science, Korea University. 
Major Subject : III-V Compound Semiconductors Growth, Characterization  
             ,and Device(LDs, LEDs, and VCSELs) Fabrication. 
 
September 1999 ~ August 2001 : Taking the Master of Engineering Degree. 
Department of Materials Science, Korea University. 
Major Subject : III-Nitride Semiconductors Growth and Characterization. 
M. S. Thesis : “Effects of N+-Implanted Sapphire (0001) Substrate on Optical and 
Crystal Properties of GaN Epilayer” 
March 1994 ~ February 1999 : Taking the Bachelor of Engineering Degree. 
Department of Material Engineering, Kyonggi University. 
 
March 1991 ~ February 1994 : 
Banpo High School, Seoul, Korea. 
 
Professional Experience : 
 
October 2004 ~ December 2007 : 
Ph. D. Student in Institute of Bio- and Nanosystems (IBN-1) 
Research Center Jülich, Germany. 
 
March 2003 ~ March 2004 : 
Doctoral Fellow in Nano Device Research Center 
Korea Institute of Science and Technology, Seoul, Korea. 
 
November 2002 ~ February 2003 : 
Commissioned Research Scientist in Nano Device Research Center 
Korea Institute of Science and Technology, Seoul, Korea. 
 
December 2001 ~ May 2002 : Epivalley co., Ltd.  
Assistant Manager, Department of Research & Development. 
 
September 2000 ~ July 2001 : 
Research Trainee in Nano Device Research Center 
Korea Institute of Science and Technology, Seoul, Korea. 
 
Language Skills : 
 
Korean : Native speaker. 
English : Very good. 
German : Good. 
Scholarship : 
 
DAAD (Deutscher Akademisher Austauschdienst) scholarship. 
April 2004 ~ December 2007 
Spins in Solids Summer School (Charlottesville, Virgina, USA) 
18.06.2006 ~ 23.06.2006 
 
LG Innoteck, 2000 ~ 2001. 
 
SWELL (Seoul Women’s University English Language License), 1998. 
 
Kyonggi University, 1994. 
 
Award : 
 
The Most Impressive Poster of International Microprocesses and Nanotechnology 
Conference (MNC) 2001. 
 
Outstanding Speech in The Speech Contest of SWELL, 1998. 
 
Research Experience : 
 
Design and Install MOVPE (Metal Organic Vapour Phase Epitaxy) Equipment for 
III-Nitride and III-V Compound Semiconductor Epilayer Growth. 
 
Epitaxial Growth of III-Nitride and III-V Compound Semiconductor Epilayer by 
MOVPE. 
 
InGaN Epi-Wafer Growth for Blue LEDs by MOVPE. 
 
III-Nitride based Epitaxial Growth for Spintronics applications by MOVPE. 
 
III-V Compound Semiconductor Materials Growth of Low-Dimensional 
Structures (Quantum Wells and Quantum Dots). 
 
Characterization of GaN Epilayer XRD, XPS, AFM, PL, SIMS, SEM, Raman 
spectroscopy, Hall measurement, Optical Microscopy, and TEM. 
 
 
 
Research Interest : 
 
Epitaxial Growth of III-Nitride and III-V Compound Semiconductors by MOVPE 
and MBE. 
 
Optical, Electrical and Structure Characterization of III-Nitride and III-V 
Compound Semiconductors Thin Film. 
 
Design and Fabrication of Novel Device by Growing III-Nitride and III-V 
Compound Semiconductors Thin Film. 
 
Quantum Dot Distributed Feedback Laser Diodes, Vertical Cavity Surface 
Emitting Lasers, and Infrared Photodetectors. 
 
III-Nitride and III-V Compound Semiconductors Growth and Characterization of 
Low-Dimensional Structures. 
 
Selective Growth of Self-Assembled Quantum Dot (SAQD) for Novel Devices 
such as SETs or Photonic Devices (LEDs, LDs, and VCSELs). 
 
High Power Semiconductor Light Sources and Electronics Devices. 
 
Material Growth and Characterization for Spin Electronics. 
 
 
 
